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CORROSION  OF  TITANIUM 


J.  D.  Jackson  and  W.  K.  Boyd* 


SUMMARY 

This  memorandum  summarizes  information  that 
has  become  available  to  the  Defense  Metals  Informa¬ 
tion  Center  since  1960  on  the  general  corrosion 
behavior  of  titanium  and  titanium  alloys.  It  sup¬ 
plements  similar  information  contained  in  Bureau 
of  Mines  Bulletin  619,  which  covered  the  period 
through  1960.  Collectively,  these  two  publications 
provide  an  up-to-date  review  on  the  performance 
of  titanium  and  its  alloys  in  various  salt  solu¬ 
tions,  mineral  acids,  organic  compounds,  gases, 
and  liquid  metals. 

Since  1960,  a  number  of  field  tests  have 
been  performed  on  titanium  in  various  corrosive 
environments.  This  memorandum  points  out  those 
service  applications  where  the  use  of  these  materi¬ 
als  is  likely  to  be  limited,  as  well  as  many  appli¬ 
cations  where  their  use  has  been  quite  successful. 

This  memorandum  also  identifies  certain  media 
and  conditions  under  which  stress-corrosion  crack¬ 
ing  behavior  has  been  observed  in  titanium  anchor 
titanium  alloys.  These  media  include  certain  solu¬ 
tions  of  NaCl,  H2SO4,  HC1,  dry  red  fuming  nitric 
acid,  methanol  containing  H2SO4  or  HC1,  certain 
grades  of  N2O4,  molten  cadmium,  mercury,  silver, 
and  silver-containing  compounds  and  alloys.  Ex¬ 
periences  with  the  stress-corrosion  cracking  of 
titanium  and  its  alloys  in  hot  salt  and  on  the 
accelerated  crack  propagation  of  these  materials 
in  selected  environments  are  not  included  in  this 
memorandum,  these  having  recently  been  summarized 
in  another  DMIC  publication. 

INITOMSTWH 

The  use  of  titanium  has  grown  remarkably  since 
since  it  first  achieved  commercial  status  in  the 
early  1950's.  By  the  end  of  1965,  the  total 
annual  mill  production  of  titanium  had  reached 
nearly  19  million  pounds,  of  which  about  90  percent 
went  to  aircraft  and  aerospace  applications.  This 
usage  has  resulted  largely  from  the  high  strength- 
to-weight  ratio  and  good  corrosion  resistance  of 
titanium  and  its  alloys. 

To  keep  pace  with  the  vast  mount  of  corro¬ 
sion  information  that  has  been  generated  since  the 
eerly  1950's,  the  Defense  Metals  Information 
Centar  generated  a  series  of  17  reports,  memoranda, 
and  technical  notes  that  dealt  wholly  or  In  part 
with  the  performance  of  titanium  and  its  alloys. 
These  are  listed  belowt 

DMIC 

H&j_  Pitt _ Title _ 

REPORTS 

57**  Oct.  29,  1956  The  Corrosion  of  Titanium 

(PB  121601,  S4.75) 

84**  Sept.  15,  1957  The  Stress  Corrosion  and 

Pyrophorle  Behavior  of 
Titanium  and  Titanium 

_  Alloys  (PB  121635) 

*Researeh  Chemical  Engineer  and  Chief,  respective¬ 
ly,  in  the  Corrosion  Research  Division,  Battalia 
Memorial  Institute,  Columbus,  Ohio. 

**DMIC  supply  exhausted)  copies  may  be  ordered 
from  CFSTI. 


DMIC 

No. 

Da  te 

Title 

216 

May  10, 

1965 

Corrosion  of  Materials  by 
Ethylene  Glycol-Water 
(AD  466284) 

224 

Jan.  3, 

1966 

Ignition  of  Metals  in  Oxygen 

MEMORANDA 

89 

Mar.  6, 

1961 

Summary  of  Present  Information 

on  Impact  Sensitivity  of 
Titanium  When  Exposed  to 
Various  Oxidizers  (PB  161239, 
$0.50) 


151** 

Apr. 

27,  1962 

Compatibility  of  Propellants 

113  and  114  B2  With  Aero¬ 
space  Structural  Materials 
(AD  275427,  $0.50) 

163 

Jan. 

15,  1963 

Reactivity  of  Metals  With 

Liquid  and  Gaseous  Oxygen 
(AD  297124,  $0.75) 

173 

Aug. 

1,  1963 

Reactivity  of  Titanium  With 
Gaseous  N2O4  Under  Conditions 
of  Tensile  Rupture  (AD  419555, 
$0.50) 

201 

Jan. 

29,  1965 

Compatibility  of  Materials 

With  Rocket  Propellants  and 
Oxidizers 

209 

Oct. 

5,  1965  Materials  for  Space-Power 

Liquid  Metals  Service 

TECHNICAL  NOTES 

July  29,  1964 

Permeability  of  Titanium  to 
Hydrogen 

April  9,  1965 

Liquid  Metal  Embrittlement 

July 

9,  1965 

The  Effects  of  Silver  on  the 
Properties  of  Titanium 

Feb. 

1,  1966 

The  Stress-Corrosion  and 
Accelerated  Crack-Propagation 
of  Titanium  and  Titanium 
Alloys 

Feb. 

4,  1966 

Reaction  of  Titanium  With 
Gaseous  Hydrogen  at  Ambient 
Temperatures 

Apr. 

11,  1966 

Stress-Corrosion  of  T1-6A1-4V 
in  Liquid  Nitrogen  Textroxlde 

As  indicated  by  their  titles,  most  of  these 
publications  were  concerned  with  behavior  of  titanium 
in  specific  media  or  envlrpnewnts.  In  1964,  the 
first  and  only  CM1C  report!  D*  that  dealt  with  the 
general  corrosion  behavior  of  titanium  and  its 
alloys  (Report  No.  57)  was  superseded  by  U.  S. 

Bureau  of  Mines  Bulletin  619,  "Corrosion  of  Titanium 
and  Its  Alloys",  by  David  Schlain.(2)  This  bulletin 
provides  an  excellent  and  comprehensive  summary  of 
general  corrosion  data,  most  of  which  were  obtained 
prior  to  1960.  This  present  DMIC  memorandum  repre¬ 
sents  an  effort  to  summarise  similar  corrosion 
data  that  have  been  generated  since  that  time. 

Thus,  taken  together,  Bureau  of  Mines  Bulletin  619 
and  this  memorandum  provide  what  is  believed  to  be 
a  reasonably  complete  and  up-to-date  summary  of 
the  general  corrosion  behavior  of  titanium  and  its 
alloys  in  various  salt  solutions,  mineral  acids, 
organic  compounds,  gases,  and  liquid  metals. 

So  far  as  other  DMIC  publications  are  con¬ 
cerned,  the  data  in  this  memorandum  supplement 

*  References  are  listed  on  pages  38  to  41. 
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but  do  not  supersede  or  include  the  detailed  data 
contained  in  the  above-listed  technical  notes. 

The  only  exception  is  that  no  attempt  has  been 
made  in  the  present  memorandum  to  summarize  or 
review  those  data  that  appeared  in  the  techr  cal 
note  of  February  1,  1966,  relating  to  the  hot-si.lt 
stress-corrosion  cracking  or  crack  propagation  be¬ 
havior  of  titanium  and  titanium  alloys.  Much  new 
information  on  these  two  subjects  is  currently 
being  developed  on  programs  associated  with  the 
development  of  the  supersonic  transport  by  the 
FAA  and  the  deep-diving  submersible  vehicle  by  the 
Navy.  Consequently,  it  is  the  intent  of  EMIC  to 
undertake  a  complete  and  separate  review  of  the 
hot-salt  and  crack  propagation  data  toward  the  end 
of  1966  by  which  time  a  reasonably  complete  sum¬ 
mary  of  this  new  information  can  be  made. 

CORROSION  IN  SALT  SOLUTIONS 
General  Corrosion 

In  general,  titanium  and  its  alloys  show  ex¬ 
cellent  corrosion  resistance  to  seawater,  salt 
water,  and  other  salt  solutions  over  a  wide  range 
of  temperature  and  concentration.  Much  of  the 
data  supporting  these  conclusions  were  obtained 
prior  to  I960,  and  have  been  summarized  in  detail 
by  Schiain.U) 

For  reference  purposes,  the  corrosion  rate 
of  unalloyed  titanium  in  seawater  at  ambient  tem¬ 
perature  Is  low,  about  0.02  mils  per  year  A3) 

Several  titanium  alloys,  T1-75A,  T1-6A1-4V,  Ti-5A1- 
2.5Sn,  and  Ti-3Al-llCr-13V,  were  completely  re¬ 
sistant  to  deep  ocean  exposure  for  times  to  197 
days  in  stressed  or  unstressed  condition. (4)  The 
exposure  was  made  at  2340-foot  depth  in  the  Pacific 
Ocean  off  California.  Some  specimens  were  partly 
submerged  in  the  mud  at  the  bottom.  The  salinity 
was  34.37  g  NaCl/kg  of  seawater,  pH  7.46,  with  an 
oxygen  content  of  0.60  ppm.  The  temperature 
averaged  46  F  with  a  velocity  of  about  0.3  knot. 
Stress  specimens  were  stressed  from  35  to  75  per¬ 
cent  of  yield  strength  with  no  indication  of 
failure  after  197  days. 

Table  1  gives  corrosion  rates  for  various 
wrought  and  powder-metallurgy  produced  titanium 
materials  in  calcium  chloride  solutions.  Note 
that  "regular"  (i.e.»  presumably,  conventionally 
melted  and  rolled  material)  unalloyed  titanium 
shows  about  the  same  resistance  as  the  other  materi¬ 
als.  Table  2  gives  corrosion  rates  of  several 
tltanium-molybdenum-pslladiurn-earbon  alloys  in 
several  CaClj  solutions  as  well  as  In  various 
mineral  acid  solutions.  Note  that,  in  350  F, 

73  percent  CaCU,  severe  pitting  occurs  in  unalloyed 
titanium  but  not  In  alloys  containing  palladium  or 
molybdenum. 

The  corrosion  resistance  of  several  welded 
titanium  alloys  was  Investigated  in  chloride  salt 
solutlons.(S)  The  corrosion  rates  are  shown  in 
Table  3.  Exposure  times  of  70b  to  932  hours  were 
used.  , 


The  corrosion  resistance  of  the  welded 
specimens  was  found  to  be  comparable  to  the  base 
metal.  Welded  titanium  alloy  OT4-2  (5.5-6.7A1, 
1.0-2.3Mn)  was  equally  resistant  to  the  media 
shown.  Titanium  was  severely  corroded  in  7b  per¬ 
cent  CaCij  at  352  P,  however. 

Other  studies  were  made  using  MgClj-fHjO  at 
374  to  379  F.vb)  This  salt  decomposes  to  MggpClg 


and  HC1.  In  400  to  500-hour  tests,  unalloyed 
titanium  weldments  suffered  corrosion  of  70  to  200 
mpy.  Weldments  of  Ti-3Al-1.5Mn  were  more  resistant, 
about  12  mpy,  and  welded  0T4-2  corroded  at  2.4  mpy. 

Table  4  presents  additional  data  for  unalloyed 
titanium  in  various  chloride  solutions. 


Table  5  shows  the  effect  of  pH  on  the  corro¬ 
sion  resistance  of  unalloyed  titanium  to  boiling 
23  percent  NaCl.(S)  The  solution  was  probably 
acidified  with  HC1,  showing  the  effects  of  increas¬ 
ing  HC1  content. 


Crevice  and  Pittlna  Attack 

Titanium  has  been  shown  to  be  subject  to 
crevice  attack  in  high-temperature  salt  solu¬ 
tions.  O »6> 9, 10)  with  NaCl  the  severity  and  fre¬ 
quency  of  the  attack  increase  with  increase  of  salt 
concentration  above  a  temperature  of  212  F.  The 
frequency  of  attack  increases  with  exposure  time. 
The  attack  increases  with  increased  acidity  but 
has  been  observed  at  a  pH  as  high  as  8.7. 


Several  alloys  also  show  some  susceptibility 
to  crevice  attack.'9)  These  included! 


Ti-3.5Al-4.9Cr-0.2Fe 
Ti-4.2Al-4.6Mn-0.3Fe 
Ti-6.4Al-4.2V-0.2Fe 
Ti-7.4Al-2.0Cb-l.lTa-0.2Fe 
T1-8.2A1-8. 5Zr-0 .7Cb-0 . 5Ta . 

TABLE  1.  EXPOSURE  IK  oAt  CHLORIDE  SOLUTION^3* 
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Corrosion  Rates.  mils  per  year.  For  Indicated  Exposure** 


Mater 

Lai 

1 

2 

3 

4 

5 

6 

7 

8 

Ti 

0.002 

8(e) 

Nil 

0.003 

0.0006 

0.1 

>  95(a) 

1110 

Alloy 

1 

Nil 

Nil 

0.006 

0.01 

0.0006 

0.1 

>  90(a) 

968(g) 

Alloy 

2 

0.003 

Nil 

Nil 

0.006 

0.001 

0.1 

2 

21.3 

Alloy 

3 

0.005 

Nil 

0.01 

0.005 

0.02 

0.9 

3 

5.6 

Alloy 

4 

<l(b) 

Nil 

Nil 

-- 

0.01 

2 

_ 

12.6 

Alloy 

5 

2 

25(c) 

0.003 

— 

0.02 

1 

_ 

>4000(  e) 

Alloy 

6 

Nil 

0.03(d) 

0.007 

0.08 

0.03 

4 

3 

Alloy 

7 

0.1 

14(c) 

0.003 

0.06 

0.02 

0.7 

>2 10(a) 

>4000(  •) 

Alloy 

8 

Nil 

Nil 

0.0001 

0.02 

0.01 

0.4 

28(f) 

223 

Alloy 

9 

Nil 

0.003 

— 

-- 

0.02 

0.8 

396 

Alloy 

10 

Nil 

0.03(d) 

0.01 

0.02 

0.02 

3 

3 

14.2 

Alloy 

11 

<l(b) 

0.02 

0.001 

0.01 

0.02 

1 

6 

33.4 

Alloy 

12 

— 

Nil 

0.01 

__ 

0.05 

5 

10.2V1 

Alloy 

13 

<lC  d) 

0.02 

0.005 

— 

0.002 

3 

14.4 

(a)  Specimen  completely  consumed. 

(b)  One  pit  in  specimen. 

(c)  Very  badly  pitted. 

(d)  Slight  attack  under  spacer. 

(e)  Perforated. 

(f)  Scattered  pits. 

(g)  One  specimen  consumed. 

(h)  Uniform  etch  with  deep  pits. 


•Note* 


Alloy  Compositions 


Alloy 

_EsL 

_£L 

-Ms _ 

Alloy 

*9?  V  J 

_EsL 

_SL_ 

Mo 

1 

0.22 

— 

— 

5 

1.90 

2 

0.19 

0.015 

11.90 

6 

— 

1.07 

22.66 

3 

0.20 

0.014 

19.89 

7 

— 

1.45 

4 

— 

0.010 

24.62 

8 

0.20 

1.19 

— 

9 

0.21 

1.29 

— 

10 

0.15 

1.30 

19.69 

11 

0.11 

1.16 

12.36 

12 

— 

1.06 

29.25 

13 

0.17 

1.19 

20.96 

••Not* i 


Exposure 

leap, 

Test 

Duration, 

Environ—  r.t 

dav* 

1 

62*  CaCl, 

310 

96 

2 

73*  CaCljf 

350 

84 

3 

Nat  CI2  gaa 

200 

132 

4 

CijO  15*.  wat  Cl5 

15*,  H0C1, 

00240*.  air  30* 

110 

140 

5 

NaCl  brina  (chlorine 
cell  anolyte) 

200 

132 

6 

62*  82804.  saturated 
with  Clo 

60 

92 

7 

36*  HC1  1-  200  ppa 
fra*  Cl2 

Aabiant 

121 

8 

31*  HC1  +1  ppa 
free  CI2.  traces 

130 

7 

chlorinated 
organic* 

68*  HNO3  saturated 
with  Mtal  nitrates 


210 


69 
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TABLE  3.  CORROSION  OF  TITANIUM  WELDS  IN  SALT  SOLUTIONS^) 


Medium 

Concen¬ 

tration, 

otX 

Tempera- 

tura, 

F 

Mean  Corrosl 
VT1-H  Unalloyed) 
Welded  Parent 
_ Joint  Metal 

Welded  Parent 
Joint  Metal 

MoCl, 

52-53 

325 

0.12 

0.12 

0.02 

0.02 

CaClJ 

50.6 

266 

0.05 

0.05 

0 

0 

nh4ci 

46.5 

239  0.02 

Solution  A 

0.02 

0.04 

0.04 

NHjCI 

18.4 

— 

— 

— 

— 

_ 

NaCl 

7.9 

239 

0.02 

0.02 

0.03 

0.03 

n»2so4 

7.0 

— 

— 

— 

— 

— 

TABU  4.  CORROSION  OF  UNALLOYED  TITANIUM  IN  VARIOUS  SOLUTIONS 


Concen- 

Tempera- 

Oorroalon 

tration. 

ture. 

Rata, 

Environment 

careen t 

F 

BDV 

Reference 

AICI3 

10 

212 

<0.4 

(6) 

CaClj 

20 

212 

<3.9 

(6) 

CaClj 

50.6 

266 

0.05(») 

(5) 

Ca(C10)2 

6 

212 

<0.04 

(6) 

CuCl 

50 

212 

<0.04 

U) 

O.C12 

10 

Boll 

<5 

(7) 

CuClj 

40 

212 

<3.9 

(6) 

FeCl3 

30 

212 

<0.4 

(6) 

FeCl3 

50 

302 

<5 

(7) 

(6) 

HflClj 

10 

212 

<0.4  , 

MflClj 

52 

325 

0.12(«> 

(5) 

NaCl 

Saturated 

212 

<0.4 

(6) 

NaCl 

Saturated 

232 

<9  ,  . 

(7) 

NH4C1 

46.5 

230 

0.02(») 

(5) 

SnCl; 

24 

212 

<0.04 

(6) 

liUCl 

18.4 

239 

0.02(e) 

(9) 

(5) 

NaCl 

7.9 

239 

0.021  •) 

M.j»4 

7.0 

239 

0.02(a) 

(9) 

M!°4)3 

Saturated 

75 

<5 

(S) 

XW>4 

10-20 

Saturated 

Soil 

75  » 

<5 

<5 

(8) 

(8) 

NH4C104 

15-20 

189 

<5 

(8) 

W4F 

10 

75 

<50 

U) 

Trar737=SuT 


TABU  5. 

EFFECT  OF  pH  ON  CORROSION  OF  UNALLOYED 
TITANItM  IN  BOILING  23  PERCENT  NtCl(8) 

Corrosion  Rete« 

DH 

■BY 

1.0 

33.6 

1.1 

33.0 

1.2 

28.0 

1.3 

25.1 

1.4 

Nil 

1.5 

NU 

However,  a  Ti-0.15Pd  alloy  was  significantly  more 
resistant. (9)  Crevice  attack,  once  started,  tends 
to  continue  even  though  the  crevice  is  destroyed. 

Up  to  50  percent  of  exposed  crevices  show  attack  in 
severe  environments. (9) 

In  concentrated  salt-refinery  brines,  the 
corrosion  rate  of  titanium  is  reported  as  about  0.3 
mil  per  year  in  either  standard  or  alkaline  brine. 
Crevice  attack  is  reported  in  standard  brine  (pH 
7.5)  at  225  F  but  not  in  alkaline  brine  (pH  >12)  at 
208  F.  The  standard  brine  contains  CaCl2,  MgCl2* 
and  NaCl  in  solution,  plus  crystals  of  CaS04  and 
NaCl.  The  alkaline  brine  contains  Na2S04,  Na200c, 
NaOH,  and  NaCl  plus  crystals  of  NaCl  .(10) 

The  effect  of  sodium  chloride  on  the  pitting 
tendency  of  various  alloys  in  H  SO  has  been  in¬ 
vestigated.  ( 11)  The  technique  employed  is  to  com¬ 
pare  standard  electrochemical  polarization  curves 
for  conditions  with  and  without  additions  of  NaCl. 
Studies  in  IN  H2SO4  at  77  F  show  almost  no  increase 
in  the  corrosion  rate  of  titanium  with  addition  of 
IN  NaCl.  Hastelloy  C  shows  an  increase  in  current 
density  of  up  to  10  times  for  salt  addition.  Type 
316  shows  up  to  100  times  increase  and  Type  304-L 
greater  than  100  times  increase.  These  data  support 
the  view  that  titanium  is  more  resistant  than  many 
other  metals  to  pitting  or  crevice  attack. 

Figure  1  indicates  areas  of  temperature  and 
concentration  where  pitting  attack  of  titanium  is 
reported  for  calcium  chloride  and  aluminum  chlo¬ 
ride.^)  The  0.2  palladium-titanium  alloy  is  re¬ 
ported  to  be  resistant  to  pitting  in  73  percent 
CaCl2  at  350  F.C3.12) 

Zinc  chloride  solutions  may  also  cause  pit¬ 
ting  attack  of  titanium.U) 


itting 


incentratlon,  weight  percent 


FIGURE  1.  TEMPERATURE/CONCENTRATION  AREAS  FOR 
PITTING  ATTACK  OF  UNALLOYED  TITANIUM 
IN  CaCl2  AND  A1C13(6) 


fittoaiiaa  tittm 

Recent  studies  show  the  excellent  corrosion 
fatigue  behavior  of  titanium  in  seawater .( 13) 

Figure  2  compares  TI-6A1-4V  with  several  other 
materials  of  construction  on  a  density  basis. 

Table  6  compares  the  ratio  of  corrosion  fatigue 
strength  to  tensile  strength  «for  the  given  materials. 
The  tests  were  performed  by  exposing  the  specimens 
to  seawater  without  load  for  7  days  prior  to  fatigue 
testing.  A  Sonntag  SP-i-U  fatigue  machine  was 
operated  at  1800  cpm  with  seawater  continuously 
circulated  past  the  specimen  at  2.8  to  3  gallons 
per  minute. 

Table  7  gives  results  of  flexural  fatigue 
tests  performtd  in  brackish  Severn  River  water 
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Fatigue  strength  to  density  ratio 
ot  stress  ratio  +.05  and  Kf  •  1.0 


£  600 
1 


-Ti-6AI-4V 


-Inconel  718 

C*5456  -  H32I  Aluminum,  coated 
__^-4l30  Steel,  coated 
•*<-  Monet  y— Cost  4330  Steel,  cooled 

y— 4130  Steel,  uncoated 

s-Cast  Superston  40 


-Cast  420  mod.  > 


60 - Cast  4330  Steel,- — _^ir*«£>4w=s^^— " — 

uncoated 

_ 5456-  H32I  Aluminum,  uncooted— ^ 

2*10®  10®  tOT 

Cycles  to  Failures 

FIGURE  2.  CORROSION  FATIGUE  EFFICIENCY  CURVES  FOR  VARIOUS  ALLOYS  IN  SEAWATER^ 13) 


TABLE  6.  OORROSION  FATIGUE  TO  TENSILE  STRBIGTH  RATIOS  FOR 
-  SEVERAL  MATERIALS! 13) 


Ult&ote 

TtntU* 

Strength, 


Ftc 

Corrosion 

Fotlguo 

Strength  ot  Ratio, 
107  Cydoo,  F  . 


Inconol  TIB  Nrought 

TI-6AI-4V  Drought 

4130  Staal,  coated  drought 

5456-H321  alualnun,  Nrought 

coatad 


k-HOMl 

Wrouyit 

190.4 

•41.0 

-0.39 

Super, ton  40 

Cast 

101.4 

36.9 

0.36 

4330  Steel,  coated 

Cast 

uo.i 

4641 

0.26 

4130  Steel,  uncoated 

Wrought 

1*2.7 

34.0 

0.19 

430  Modified 

Cast 

134.1 

19.9 

0.19 

Corroeion  Re- 

eletant  Steel 

S4M-H331  Alualnun, 

Nrought 

98.1 

9.6 

0.10 

ur, coated 

4330  Steel,  uneoeted 

Cast 

110.1 

194} 

0.06 

TABLE  7.  RESULTS  OP  FLEXURAL  FATIGUE  TESTS  AT 
COMPLETELY  REVERSED  STRESSU*) 

Fatigue  Strength 
In  Severn  River 
.  „  ister  it  108  Cycles, 


TI-3A1-4V 

T1-6A1-4V 

Tl-4Mn-4Al 

Ti-4Nn-4Al 


K3FNC  Costing 

1 

WtHC  Costing 


wrought! 
nickel  costing. 


*73,000 
ng  63,000 

81,000 
ng  *40,000 

western  gesr  phosphorous- 


containing  l/3  to  l/6  the  sslt  content  of  sea¬ 
water.!14*  It  Is  Interesting  to  note  that  the 
nickel-phosphorus  coating  on  titanium  decreased 
it*  ccrroslon-fatlgus  resistance.  This  coating 
was  employed  to  decrease  the  galling  and  sliding 
friction  of  titanium  to  maks  it  serviceable  for 
use  as  a  propulsion  gear  In  seawater.  A  contact 
rolling  teat  was  also  usad  to  investigate  tha 
pitting  tendency  of  tha  pitch  line  of  gear  teeth 
under  load.  No  pitting  was  reported  but  T1-6A1-4V 
and  Tl-dMn-<Al  with  or  without  tha  nicktl- 
phosphorus  coating  was  badly  worn. 


Table  d  presents  data  on  atudlaa  with 
T1-6A1-4V  stressed  In  several  salt  solutions  as 
well  as  other  media  at  75  percent  of  its  yield 
strength  without  feliurae  in  up  to  1800  hours  of 
•xpusura.'1®'  in  another  program,  T1-6A1-4V, 
TI-2.3A1-16V,  Tl-SAl-2.5$n,  Ti-4Al-3Mo-lV,  and 
Tl-3Al-llCr-13V  were  stressed  to  73  percent  of 
yield  for  1  year  without  failure  In  marine  at¬ 
mospheres  or  tidewater  exposures  at  Kure  Beach, 

North  Carolina.! 18)  Similarly,  ea  noted  earlier, 
TI-7SA,  T1-6A1-4V,  Ti-3Al-2.3Sn,  and  Tl-3Al-llCr- 
13V  have  successfully  withstood  deep  Pacific  Ocean 
exposures  through  197  days  under  stresses  from 
33  to  73  percent  of  their  yield  strength.!** 

Tl-3Al-UCr-13V  stress  specimens  were  evaluated 
In  IM  solutions  of  NaCl,  NaNOj,  NsaSOa,  NagFOg  (all 
aerated)  and  NegS  (nonaaratad).!*®*  No  failures  were 
found  In  172  days  with  heat-treated  (200,000  pel 
yield)  bent-beam  specimens  stressed  to  73  percent  of 
yield.  No  failures  were  found  in  230  to  322  days 
of  exposure  for  U-toend  specimens  at  140,000  pal  yiaid. 


TABLE  8.  EXPOSURE  OF  STRESSED  T1-6A1-4V  TO  VARI¬ 
OUS  ENVIRONMENTS  WITHOUT  FAILURE'16) 


Environment _ 

— Jxag.surc.  lime,  hours(a) 
Heat 

Treated, 

Annealed  Aaed  Welded 

Aerated  tap  water 

1700 

1700 

750 

Aerated  3%  NaCl  water 

1700 

1700 

750 

Aerated  0.25  percent 

1700 

1700 

750 

sodium  dichromate 

solution 

4  percent  soluble  oil 

1700 

1700 

750 

Trichloroethylene 

1150 

1150 

1150 

Cosmo line 

1700 

170f 

750 

Laboratory  air 

— 

— 

750 

Seacoast 

1400 

1400 

1400 

(a)  Bent-beam  tests,  specimens  stressed  to  75 
percent  of  yield  strength;  yield  strength, 
annealed i  132,000  psi;  heat  treated  and  aged; 
163,000  psi. 

Stress  mas  shown  to  be  detrimental  to  an  alloy 
containing  5.5  to  6.7  A1  and  1.3  to  2.3  Mn  in  NgClg 
at  374  F,  as  discussed  earlier.(S)  With  stressed 
0T4-2  [Ti-(5.5-6.7)Al-( l-2.3)Mn]  specimens,  cracking 
developed  in  the  base  metal  but  not  in  the  weldment. 
This  may  be  due  to  use  of  dissimilar  (3Al-l.!Mn)  weld 
rod  for  these  welds.  In  previous  studies, (i7)  the 
authors  showed  that  increased  aluminum  contents  in 
titanium  alloys  gave  reduced  resistance  to  cracking 
when  stressed  in  concentrated  nitric  acid.  Evidently 
the  higher  aluminum  content  of  the  base  metal  causes 
corrosion  under  stress  in  MgCl2  at  374  F. 

Stress*  was  not  found  to  be  detrimental  to  any 
of  the  three  titanium  alloys  (i.e.,  VT1-1,  0T4,  and 
CT4-2)  tested  in  the  solutions  shown  in  Table  3. 

Stress-corrosion  screening  tests  were  per¬ 
formed  in  water  at  500  F  on  materials  for  steam- 
generator  tubing  in  nuclear  power  plants.'  IB) 
Commercially  pure  titanium  U-bend  specimens  showed 
no  detrimental  attaok  In  the  liquid  or  vapor  phase. 
Although  hlgh-purtty  water  was  used,  500  to  550  ppm 
chloride  at  diluted  synthetic  seawater  and  250  to 
350  ppm  PO4  as  dlscdlum  phosphate  were  added.  The 
pH  was  adjusted  to  10.6  to  11.2  with  MaOH.  The  oxy- 
gen  content  was  7  to  9  ppm  (air  saturation  at  room 
temperature. 

fltid  am 

Laboratory  and  field  tests  of  brine  solutions 
Indicate  that  titanium  is  an  excellent  choice  for 
oil-well  lift  valves  when  compared  wlthjtonat, 
nickel.  J-55,  N-80,  9*  Ml,  and  316  stainless 
stee!.U9)  Titanium  performed  well  In  laboratory 
tests  using  aerated  fluids  and  In  field  tests  of 
gas  lift  wells.  As  shown  in  Table  9,  tests  In  sour 
end#  walls  showed  titenlum  to  be  Inferior  to  ne» 
ally  used  materials.  The  electrochemical  potential 
of  titanium  In  brine  from  a  Merton  Company  Texas 
well  measured  by  a  saturated  calomel  electrode 
varied  from  0.3471  to  0.3174  volt  after  12  minutes. 


•Stress  levels  not  disclosed. 


TABU  0.  EROSION- CORROSION  STUW  OF  TITANIUM  IN  OIL-NEll 
LABf  •’TfCRY  AND  SERVICE  TESTS'  19) 


Environment 

Velocity, 
f  t/sec 

Exposure 

Time, 

devs 

Corro,lon 

As 

Received 

Bate,  mpy 

Polished 

ASTM  Brine,  etr 

_ 

2-3 

0.0 

saturated^*) 

Crude  oil  end 

— 

2-5 

0.0 

— 

brined) 

Heat  Texas  crude 

10 

2 

0.57 

0.28 

oil 

40 

2 

6.7 

1.3 

3#  NaCl  +  30  percent 

10 

1-1/4 

— 

0.0 

Neat  Texes  crude  oil 

40 

1-1/4 

— 

0.26 

NaCi  ♦  20  percent 

10 

1-3/4 

— 

2.1 

■eat  Texas  crude  oil 

40 

1-3/4 

— 

23 

*  1.2  percent  ISO  to 

200  mesh  send 

Field  Test*  crude  oil 

— 

23 

— 

0.0-0.01 

and  brine 

(•)  Impingement,  100  pal  pressure  differential)  distance  of 
speclaen  from  I/64-lnch  orifice,  l/«,  3/8,  end  1-1/2  Inches 
(b)  Impingement,  ISO  psi  pressure  differential)  distance  of 
speclaen  free  l/16-ineh  orifice,  1  inch)  froa  3/6«-inch 
orifice,  l-l/4  Inch. 

Field-service  testing  of  titanium  shows  many 
areas  where  titanium  should  be  considered  for  service. 
Table  10  gives  results  of  service  tests  in  several 
chloride  solution  environments.  Note  that,  while 
the  titanium  served  well  in  many  of  these  solutions, 
it  was  not  serviceable  In  350  F  73X  CaClg,  NaCl  brine 
with  H0C1,  or  NaCl  in  chlorine  cell  orifices. 

numsBAL  ism 

SulfMls.  Asid 

fitnwal.  Ggrrfttlgn 

ilMligad  imam-  Titanium  shows  poor  re¬ 
sistance  to  sulfuric  acid  In  concentrations  greater 
than  about  5  percent.  The  corrosion  rate  at  room 
temperature  is  approximately  linear  with  concentra¬ 
tions  up  to  20  percent  Where  the  penetration  Is 
about  30  mils  per  year.111  At  40  percent  H2SO4,  the 
corrosion  rate  shows  a  minor  peak  of  about  80  mpy 
and  drops  to  a  minimum  at  60  percent  acid.  A  major 
corrosion  peek  of  up  to  600  mpy  penetration  occurs 
at  78  percent  ecld.teee  Table  11)  .120/  In  100 
percent  acid,  the  corrosion  rate  la  of  the  order  of 
100  mpy.  In  oleum*  the  corrosion  decreases  until 
a  rate  of  about  10  mpy  Is  retched  at  65  percent 
oleum  (SO3). 

At  room  temperature  the  corrosion  of  titanium 
In  HgSOe  It  slightly  lower  over  the  entire  concentra¬ 
tion  range  when  purged  with  pure  Oj,  Mg,  or  Hj.lSD) 

At  elevated  temperature,  the  corrosion  rate  Increases 
catastrophically  when  deaerated  even  at  concentra¬ 
tion!  as  low  as  1  percent  acld.U)  In  boiling  1 
percent  acid,  the  corrosion  rate  It  100  mpy  or 
mort.(i«22) 

The  addition  of  smell  amounts  of  some  salts 
to  HgSOe  solutions  decreases  the  stuck  of  titanium 
(see  Table  12) .  Note  the  effect  of  oxpoeod  surface 
area  on  the  corrosion  of  titenlum. 

In  the  processing  of  nickel-cobalt  ores, 
tlUnlum  is  found  to  be  one  of  the  best  ms  ter  Is  Is 
In  sulfuric  acid  solutions  containing  large  Mounts 
of  dissolved  ults  and  suspended  solids .U  ,46*27) 

The  solutions  contain  2  to  9  percent  froo  H28C4  with 
nickel.  Iron,  aluminum,  magnesium,  and  manganese 
sulfates,  in  concentrations  up  to  1  percent  by  weight 
each,  plus  small  amount!  of  cobalt,  copper,  sine. 
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TABLE  1C.  FIELD  TESTING  OF  TITANIUM  EQUIPMENT  IN  CHLOHIDE  SOLUTION  ENVIRDWENT s( 3) 


2  Inch  gate  valve 

Cast 

55*  CaC,l2  at  220  F 

42 

Excellent 

3  inch  schedule  5  pipe 

Brought 

55*  CaCl2  at  270  to  290  F 

8 

Excellent 

3  inch  schedule  5  pipe 

Brought, 

Ti  ♦ 

0.2*  Pd 

55*  CaCl2  at  270  to  290  F 

8 

Excellent 

Vertical  filter  press  leaf- 
wire  mesh  separation 

Brought 

55*  CaCl2  at  230  F 

9 

Excellent 

2-inch  heating  coil 

A-55 

62*  CaCl2  at  310  F 

36 

One  smell  pit  sfter 

1  year.  Some  pit¬ 
ting  above  liquor 
level  when  test 
stopped 

l/4  inch  Thenaowell 

Brought 

73*  CaCl2  at  350  F 

9  days 

Failed 

Nipple 

Brought 

Treated  filtered  310  gpl 

NaCl  brine 

24 

Excellent 

Heat  exchanger 

Brought 

310  gpl  NaCl  brine,  pH  4 

10 

Excellent 

Nipples  (2) 

Brought 

310  tjpi  NaCl  brine,  pH  4 

10 

Excellent 

Nipples  (6) 

Brought 

KC1  brine 

28 

Excellent 

Level  indicator 

Brought 

NaCl  brine,  pH  2-4 

15 

Excellent 

Bolts  on  inside  flanges  of 

Brought 

Acid  brine 

24 

Apparently  okay 

Nipples  (8) 

Brought 

NaCl  brine 

10 

Excellent 

14  inch  orifice 

A-55 

310  gpl  NaCl,  pH  4 

48 

Excellent 

Orifice 

A-70 

310  gpl  NaCl 

48 

Excellent 

4  inch  orifice 

Brov  ht 

310  gpl  NaCl 

36 

Excellent 

10  inch  orifice 

A-70 

310  gpl  NaCl,  pH  10-11, 

150  to  160  F 

48 

Excellent 

6  inch  orifice 

A-70 

340  gpl  KC1 

28 

Sowe  corrosion  and 
atchlng  at  Inner 
edge  of  gaakat 

6  inch  orifice  (2) 

A-70 

340  gpl  KC1,  pH  5.2,  160  F 

36 

Excellent 

3  inch  orifice 

A-70 

275  gpl  NaCl,  pH  1.15 

24 

Excellent 

Orifice 

Brought 

Depleted  MaCi  brine 

24 

Excellent 

Thermowell 

A-55 

NaCl  brine,  H0C1,  0.05  to 
0.150  gpl,  pH  4 

48 

Excellent 

Thermowell 

Brought 

NaCl  brine,  H0C1,  0.05  to 
0.150  gpl,  pH  « 

24 

Excellent 

Thermowell 

Brought 

NaCl  brine,  HOCl 

12 

Failed  at  weld 

Thermowell  (2) 

A-55 

300  gpl  NaCl,  pH  10 

48 

Excellent 

Thermowell 

A-55 

340  gpl  KC1 

36 

Excellent 

Thermowell  (2) 

A-55 

300  to  320  gpl  KC1,  pH  10  to 
10w,  145  to  ICO  F 

36 

Excellent 

Thermowell 

A-55 

KC1.  340  gpl,  pH  5.2 

36 

Excellent 

Thermowell  (3) 

Brought 

Ac la  NeCl  brine,  pH  2 

24 

Excellent 

Stem  on  level  control 

Brought 

NaCl  brine 

27 

Excellent 

Chlorine  cell  feed  orifices 

Brought 

NaCl  brine 

3  to  4 

Felled  in  1  to  2 
weeks  at  one  plant, 
3  to  4  month*  at 
other  plent 

Titanium  electrodes  In  KC1 
sump  tank 

NBouglit 

Strongly  alkaline,  meek 

NOCl  solution 

18 

Excellent 

tmu  u.  oawDwai  imistamcs  of  ssveeal  mnhw  allots  n  huumc  lagmJO 


VT1  (unalloyed) 

¥15  (Ti-OAl) 

10 

20 

owes 

dO 

40 

25 

120 

600 

120 

45 

70 

100 

140 

—  55 

ISO 

570 

90 

m-1  (Tl-4.5Al-3Cr-Nto) 

30 

70 

— 

ISO 

—  — 

— 

610 

150 

¥13  (T1-6A1-2.5CT) 

90 

150 

210 

Mi 

210 

-  25 

210 

1000 

150 

Unalloyed 

U-0.1M 

** 

U 

110 

200 

S3 

15 

120 

420 

62 

mm 

0.1 

24 

51 

42 

15 

240 

340 

54 

T1-2N 

mm 

Nil 

mi 

mi 

0.S 

2.2 

26 

190 

64 

Ti-lSNo 

mm 

Nil 

29 

25 

15 

ST 

270 

56 

Tl-lSNo-O.lFd 

mm 

Nil 

mi 

mi 

1.5 

14 

•2 

100 

40 

Ti-19Nc-2Pd 

mm 

MU 

1.5 

04 

1.5 

s.5 

24 

100 

41 

TI-15CB 

mm 

mm 

120 

as® 

ST 

11 

140 

(10 

TI 

Tl-15Cr-0.1Fd 

mm 

2.1 

4.6 

as 

27 

12 

200 

320 

71 

Tl-15Cr-3Fd 

mm 

mi 

mi 

mi 

mi 

04 

06 

25 

45 

T1-5N 

mm 

mi 

mi 

mi 

0.9 

14 

04 

95 

54 

TABLE  12.  EFFECT  OF  ADDITIONS  ON  CORROSION  OF  TITANIUM 


Acid 
Concen¬ 
tration, 
Kind  percent 

AJditions 

Material  Percent 

Tempera¬ 
ture  , 

F 

Corrosion, 

mDV 

Reference 

HoS04 

5 

Zirconvl  sulfate 

3  to  4 

90 

1 

(23) 

(air  saturated) 

H9SO4 

45 

8 

105 

0.03 

(23) 

Na2S04 

8 

Cr2(S04)3 

3 

h2so4 

5 

CuS04 

0.25,  0.5,  1.0 

203 

<0.4 

(6) 

h,so4 

5 

CuS04 

20 

203 

3 

(6) 

H2S04 

30 

CuS04 

0.25 

100 

2 

(6) 

H2S04 

30 

CuS04 

0.5 

100 

4 

(6) 

H9SC4 

30 

CuS04 

1 

100 

0.8 

(6) 

h2sg4 

30 

CUSO4 

1C 

100 

16 

(6) 

H.jS04 

30 

CuS04 

0.25 

203 

3 

(6) 

h5so4 

30 

CUSO4 

0.5 

203 

30 

(6) 

HpSOd 

30 

CuS04 

1 

203 

30 

(6) 

h2so4 

30 

CuS04 

10 

203 

24 

(6) 

H..,S04 

10 

FeS04 

2g/l(a) 

Boiling 

<5(fa) 

(7) 

HoSOd 

20 

Fe+r-r,  Cu++ 

16g/l 

Boiling 

<5(b) 

(7) 

H?SO 

17 

r  304 

7  to  8 

140 

<5,  , 

(7) 

H,SO^ 

30 

CubO^ 

1 

Boiling 

12(c) 

(24) 

H2S04 

30 

CuS04 

1 

Boiling 

62(d) 

(24) 

HC1 

5 

— 

— 

100 

13 

(6) 

HCi 

l 

CuS04 

0.05 

100 

1.6 

(6) 

HC1 

J 

CUSO4 

0.5 

100 

3.5 

(6) 

HCi 

5 

Cu304 

1 

100 

1.2 

1 

(6) 

HCI 

5 

CuSC; 

5 

100 

0.8 

1 

(6) 

HCI 

5 

CuS04 

0.05 

200 

3.5 

(6) 

HCI 

5 

CUSO4 

0.5 

200 

2.4 

(6 ) 

HCI 

r  ' 

CUSC4 

1 

200 

2.4 

16) 

HCI 

10 

— 

100 

40 

(6) 

HCi 

10 

CUSO4 

0.5 

100 

0.8 

(6) 

HCI 

10 

CUSO4 

1 

100 

0.4 

(6) 

HCi 

10 

CJ1SO4 

3 

100 

0.4 

(6) 

HCI 

10 

CuS04 

5 

100 

0.4 

(6) 

HCI 

10 

CuSt>4 

0.5 

200 

3.9 

(6) 

HCI  - 

10 

CuS04 

1 

200 

5 

6 

HCI 

10 

CuS04 

3 

200 

5 

6 

HCI 

10 

CUSIO4 

5 

200 

5 

(6) 

HCI 

5 

C1O3 

0,5 

100 

0.4 

6 

HCI 

5 

C1O3 

1 

100 

0.8 

16) 

HCI 

5 

CrO, 

0.5 

200 

1.2 

» 

HCI 

5 

Cr03 

1 

200 

1.2 

;6) 

HCI 

5 

HNO3 

1 

100 

0.4 

;6) 

HCI 

5 

HNO, 

5 

ICO 

0.4 

I6 

HCI 

5 

HNO3 

10 

100 

0.4 

6 

HCI 

5 

‘  HN03 

1 

200 

4 

(6) 

HCI 

5 

HNO3 

5 

200 

4 

(6) 

HCI 

5 

HNO3 

10 

200 

8 

;b) 

HCI 

10 

Ftrt  impurities 

Room 

17) 

HCI 

10 

-  ‘Cusb4 

0.05 

140 

<5.(b) 

(7 

HCI 

10 

CUCI2 

I6g/i 

Boiling 

<5(b) 

(7) 

HCi 

.20 

CU+7 

0.2g/l 

Room 

(7) 

HCI 

37 

Cu++ 

C,2g/l 

Room 

<5(b) 

(7) 

U)  Gram  per  liter. 

lb)  Greater  than  50  mpy  in  pure  acid. 

(c)  Speclnen  area  16.08  in.^  in  about  "00  ml  aolutlon. 

(d)  Specimen  area  1.32  in. 2  in  about  600  ml  solution. 
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and  hexavalent  chromium.  Above  300  F,  titanium  is 
the  only  metal  or  alloy  found  satisfactory.  Ti¬ 
tanium  is  also  used  for  valves  in  500  F  solutions 
of  1.5  to  2  percent  acid,  10  percent  dissolved 
nickel  sulfate,  and  up  to  40  percent  suspended 
solids. 

The  resistance  to  pitting  for  titanium  ex¬ 
posed  to  H2SO4  containing  NaCl  is  described  on 
page  12. 

Titanium  Alloys.  Most  titanium  alloys  are 
less  resistant  to  sulfuric  acid  than  unalloyed 
titanium.  The  major  exceptions  are  the  titanium- 
ncble  metal  alloys,  which  are  considerably  more 
resistant  than  unalloyed  titanium.' 6,7,12,41) 

Table  13  gives  corrosion  rates  for  several  alloys 
in  sulfuric  acid.  Data  for  several  Russian  alloys 
are  given  in  Table  11. 

Tables  14  and  15  given  corrosion  rates  of 
zirconium-titanium  and  zirconium-titanium-tantalum 
alloys,  respectively.  In  general,  little  improve¬ 
ment  ir.  corrosion  resistance  of  titanium  to  sul¬ 
furic  acid  occurs  until  50  percent  or  more  zir¬ 
conium  is  added.! 29)  The  addition  of  5  or  10 
percent  tantalum  to  zirconium-titanium  (ltl  ratio) 
gives  only  slight  improvement  in  corrosion  re¬ 
sistance.  Tantalum  alloys  with  up  to  40  to  50  per¬ 
cent  titanium  additions  show  corrosion  rates  of 
less  than  5  mpy  In  boiling  5,  30,  or  60  percent 
K2S04*!  ■  For  the  alloy  50Ti-35Ta-15Cb,  the 

corrosion  rates  in  boiling  30  and  60  percent  H2SO4 
were  3  and  8  mils  per  year,  respectively.'30) 

The  benefit  of  additions  of  noble  metals  to 
titanium  in  promoting  resistance  to  H2SG4  solutions 
is  shown  in  Tables  2,  11,  16,  17,  18,  and  19. 

SilYinls  CpubIm 

Tables  20  and  21  give  reported  corrosion 
rates  for  titanium  when  coupled  to  a  second  metal 
In  sulfuric  acid.  Only  coupling  of  titanium  to 
the  noble  metals  (including  iridium,  platinum, 
palladium,  and  rhodium)  is  found  to  reduce  the 
corrosion  of  titanium  to  a  satisfactory  rate  in 
boiling  9.6  and  3M  HgSOj  (see  Table  21). 

In  helium  saturated  H2SO4,  coupling  to 
vanadium  reduced  the  attack  on  titanium  from  3.3 
when  uncoupled  to  0.0  mpy  in  95  F,  0.1N  H9SO4 
and  from  22  to  0.1  apy  in  95  P,  2N  H2S04.C347 
Vanadium  reduced  the  rate  from  60  to  0.0  mpy  in 
aerated  95  F,  2N  IUSO4.  The  corrosion  of  titanium 
is  nil  in  aerated  95  F,  0.1N  HgSOa  coupled  or 
uncoupled. 

Amfllft  Prettcttcn 

Titanium  cm  be  protected  during  service  in 
sulfuric  acid  by  applying  an  anodic  (positive) 
potential.1 (T,35, 36)  (See  Table  22.)  A  potential 
of  2.5  to  5  volts  reduced  the  corrosion  of  titanium 
from  100  to  }  mpy  in  40  percent  HgSOj  at  140  P. 
Protection  wet  also  maintained  in  60  percent  acid 
at  194  P.(36)  However,  care  must  be  taken  to 
insure  that  the  titanium  is  completely  covered 
by  liquid  so  that  the  applied  current  can  reach 
all  areas.  In  a  titanium  heat  exchanger  for  hot 
sulfuric  acid  service  in  a  rayon  process,  severe 


corrosion  occurred  in  the  vapor  phase  of  the  .  . 

vessel  where  the  applied  current  was  ineffective.' 

Stress-Corrosion  Cracking 

Recent  studies  have  shown  that  stress  has  a 
detrimental  effect  on  the  corrosion  resistance  of 
a  titanium  alloy  in  sulfuric  acid,  as  well  as  in 
hydrochloric  acid. (3?)  Unalloyed  titanium  and 
T1-5A1  were  exposed  under  stress  to  sulfuric  acid 
of  7.3  to  70  percent  concentration.  In  T1-5A1, 
brittle  failure  was  promoted  by  small  stress  at 
low  corrosion  rates.  T1-5A1  was  found  to  fail 
brittlely  with  the  formation  of  a  large  quantity 
of  cracks  along  its  entire  length,  in  7.3,  12.9, 
and  60  percent  H2SO4  at  stresses  of  up  to  102,000 
psi  (76  peicent  of  the  ultimate  tensile  strength). 
Microscopic  examination  showed  considerable  amounts 
of  hydride  precipitate,  chiefly  along  the  slip 
planes,  and  partially  in  a  direction  perpendicular 
to  that  of  applied  external  stress.  The  stress 
apparently  promotes  the  penetration  of  hydrogen 
into  the  metal,  to  form  hydrides  and  cause  brittle 
failure. 

Hydrochloric  Acid 

Unalloyed  Titanium.  Titanium  is  severely 
attacked  by  HC1  except  at  very  low  temperature 
and  low  concentration.  Concentrations  much  above 
5  percent  jtteck  titanium  even  at  room  temperature. 
At  150  F,  corrosion  rates  increase  rapidly  above 
a  concentration  of  1  percent,  whereas  in  boiling 
solutions,  even  1  percent  HC1  rapidly  (>100  spy) 
attacks  titanium.' 1,2,22)  The  addition  of  certain 
salts,  however,  does  reduce  the  attack  of  HC1  on 
titanium  (sea  Table  12).  Similarly,  the  addition 
of  certain  metal  ions  also  reduces  the  attack  of 
HC1  on  titanium,  at  shown  in  Tablas  23,  24,  and 
25.  Figure  3  compares  the  effect  of  metal-ion 
concentration  on  the  change  of  the  corrosion  po¬ 
tential  of  titanium.  Note  that  a  concentration  of 
copper  of  more  then  I0”3  moles  per  liter  greatly 
increases  the  potential  of  titanium,  thus  lowering 
its  corrosion.  Copper  is  known  to  be  an  affective 
inhibitor  in  HCi  solutions. 

UilDiM  AllWi*  X"  general,  alloys  of 
titanium  show  the  tame  or  reduced  resistance  to 
KC1,  aa  shown  in  Tabla  13.  However,  several 
nobla-matal  alloys  of  titanium,  such  as  palladium, 
platinum,  and  molybdenum,  have  considerable 
remittance  to  HCI  In  rather  severe  conditions  of 
temperature  and  concentration  (as#  Tablas  2,  16,  17, 
19,  and  26) .  Tantalum  additions  alto  increase  the 
HCI  resistance  of  titanium.'30)  For  Instance, 
a  binary  Tl-25Ts  alloy  has  a  corrosion  rata  of 
only  2  mil  per  year  in  boiling  3  percent  acid. 

Sn  boiling  20  percent  acid,  an  addition  of  50  par- 
cant  tantalum  or  mors  is  required  for  similar 
resistance. 

However,  acme  Ti-Ta  alloys  became  brlttla 
aftor  exposure  to  HCl.l30)  This  embrittlement 
was  greatly  alleviated  by  contact  with  email  arses 
of  noble  matala,  or  by  addition  of  0.2  to  0.5 
platinum  to  tha  alloy.  An  alley  of  15  percont 
colunblun,  35  percent  tantalum,  and  50  percent 
titanium  alloy  had  a  corrosion  rata  of  about  5 


f: 

: 

t' 

%■ 


10 

TABLE  13.  CORROSION  RESISTANCE  OF  TITANIUM  ALL0YS(28) 


Corrosion,  mils  per  year 


9:  F  Air  Agitation  _  95..F  flo  Agitation  190  F.  No  Agitation 

r_on  upi  u .  *  urn 


H9S04 

HC1 

H9SO4 

' 

HC1 

H9SO4 

HC1 

Alloy 

i% 

3* 

5* 

5* 

351! 

551! 

5* 

1* 

3% 

Tl  (75  BHN)  (a) 

56 

0.07 

„ 

16 

4.9 

16 

450 

0.1 

140 

Ti  ( 120  BHN) 

(b) 

0.17 

— 

20 

5.2 

8 

250 

3.3 

140 

Ti  (180  BHN) 

10 

0.03 

— 

18 

5.1 

10 

570 

0.2 

200 

Ti  (200  BHN) 

8 

0.07 

— 

31 

6.4 

11 

560 

0.1 

220 

Ti-8Mn  (annealed) 

17 

0.13 

29 

42 

9 

18 

880 

0.3 

230 

T1-6A1-4V  (annealed) 

45 

1.4 

32 

32 

12 

19 

870 

60 

360 

T1-6A1-4V  (aged) 

27 

4.1 

27 

30 

8 

16 

850 

49 

380 

Ti-5Al-2.5Sn  (annealed) 

44 

14 

37 

53 

23 

39 

1230 

83 

590 

Ti-8Al-2Cb-lTa 

37 

0.5 

15 

24 

10 

17 

650 

1.5 

310 

(annealed) 

T1-2.5A1-16V  (solution 

0.7 

0.5 

5 

21 

5.5 

10 

590 

3.4 

160 

treated) 

T1-2.5A1-16V  (aged) 

24 

0.2 

14 

38 

9 

18 

660 

3.7 

211 

Ti~lAl-8V-5Fe 

(b) 

0.06 

44 

13 

20 

890 

37 

430 

(annealed) 

Ti-lAl-8V-5Fe  (aged) 

(b) 

0.3 

— 

46 

15 

22 

950 

74 

450 

T1-3A1-2.5V  (annealed) 

(b) 

0.1 

0.05 

16 

5 

7.4 

670 

0.3 

150 

(a)  BHN  =  Brinell  hardness  number. 

(b)  Erratic. 


TABLE  14.  00RRQSI0N  RESISTANCE  OF  ZIRCONIUM-TITANIUM  ALLOYS  IN  SULFURIC  ACId(29) 


'  1  ' 

Corrosion  Rate,  mils  oer 

vear(a) 

' 

" 

ZMH 

_ 1Q4_F _ 

140  F 

212  F 

Zr 

Ti 

_522L 

755(5 

9451! 

5* 

10* 

20% 

4051! 

60* 

75* 

40* 

5* 

10* 

40* 

75* 

100 

<■»«• 

Nil 

Nil 

590 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

0.4 

Nil 

Nil 

95 

5 

Nil 

Nil 

1200 

Nil 

Nil 

Nil 

Nil 

Nil 

0.5 

Nil 

Nil 

0.3 

Nil 

70 

90 

10 

Nil 

190 

1100 

Nil 

Nil 

Nil 

Nil 

— 

55 

Nil 

Nil 

2.7 

16 

210 

80 

20 

Nil 

270 

990 

0.9 

Nil 

0.6 

Nil 

105 

— 

Nil 

1.1 

2.3 

45 

70 

30 

Nil 

230 

460 

0.9 

Nil 

0.6 

Nil 

— 

— 

18 

4 

5 

200 

60 

40 

Nil 

360 

520 

0.8 

3 

1.2 

22 

— 

— 

67 

12 

36 

50 

50 

4 

700 

600 

1.3 

1.9 

1.3 

60 

410 

— 

200 

38 

38 

40 

60 

13 

650 

410 

2.3 

20 

0.7 

60 

260 

— 

350 

27 

110 

30 

70 

34 

700 

190 

7 

34 

81 

95 

160 

— 

430 

41 

100 

20 

80 

35 

810 

155 

7 

35 

78 

440 

134 

— 

920 

35 

350 

•» 

mtm. 

10 

90 

95 

820 

72 

11 

110 

220 

570 

105 

— 

1400 

51 

7  lO 

5 

95 

105 

780 

64 

15 

— 

— 

810 

80 

1160 

280 

830 

“ 

100 

126 

730 

61 

12 

15 

490 

950 

54 

^mmm 

2000 

950 

1070 

— 

— 

TS^SSJTr^tportSJTSTJi^TMMrTnTTatlaata^rioT^SnritlMr 


TABU  15.  CORROSION  RESISTANCE  OF  Z IROON IUM-T ITAN I1M-T ANTALLU  ALLOYS 
IN  SULFURIC  ACI0(29) 


"  ^^^^Corroalon  Rata,  mile  par  vearUj 

r-Wnt  5  *  W  ar 

SO  50  —  1.3  1.9  1.3  700  200  38  38  415 

47.5  47.5  5  0.6  0.6  1.1  170  130  11  —  890 

AS  45  10  0.5  1.0  1.0  —  150  10  0.4  460 

T*TTrr!!ron1r*portadT#l^M!M*H,lMl7»ttlI#^ 

TABLE  16.  EFFECT  OF  PALLADIUM  ADDITION  ON  CORROSION  OF  TITANIUM  IN  ACII)(S) 


Material 


Temperature. 

F 


m3t 


QOKfltiW  R»kti  Milt  ME  YUI 


HC1 


a  3eh  g  a 


32 


40 


0.6  0.8  7.5 


60  — 
0.8 
Nil 


35 

0.1 


60 

0.2 


160 

2 


Titanium 
Titanium 
Ti  •»  O.lSPd 


100 

140 

140 


11 


TABLE  17 ,  EFFECT  OF  VARIOUS  ALLOY  ADDITIONS  ON 
CORROSION  RESISTANCE  OF  TITANIUM^31) 


/ 

Composition 

Weiaht  Loss  in 

24  Hr. («) 

mil/vr 

Boilina  h 

uso. 

Boilina  HC1 

1% 

2Io% 

3% 

10% 

Titanium 

460 

3950 

242 

4500 

Ti  +  0.064%  Pt 

<2 

145 

<2 

128 

Ti  +  0,54%  Pt 

<2 

48 

3 

120 

Ti  +  0.08%  Pd 

<2 

166 

3 

100 

Ti  +  0.44%  Pd 

<2 

45 

<2 

67 

Ti  +  0.1%  Rh 

<2 

26 

5 

96 

Ti  +  0.5%  Rh 

3 

48 

<2 

55 

Ti  1-  0.1%  Ru 

3 

187 

5 

280 

Ti  t  0.5%  Ru 

<2 

48 

<2 

113 

Ti  +  0.11%  Ir 

<2 

359 

3 

120 

Ti  +  0.60%  Ir 

<2 

45 

3 

88 

Ti  +  0.10%  Os 

5 

480 

3 

1820 

Ti  +  0.48%  Os 

<2 

82 

3 

208 

Ti  +  0.11%  Re 

235 

— 

345 

— 

Ti  +  0 .36%  Re 

9 

— 

30 

— 

Ti  +  0.11%  Au 

1050 

— 

1500 

— 

Ti  +  0.48%  Au 

3 

— 

9 

146 

Ti  t  0.04%  Ag 

500 

— 

334 

— 

Ti  -r  0 .34%  Ag 

— 

— 

— 

4850 

Ti  +  O.T7%  Cu 

470 

— 

340 

— 

Ti  +  0.44%  Cu 

660 

— 

550 

— 

(a)  The  possible  weighing  error  of  these  tests  is 
±2  mil/yr. 


TABLE  18.  EFFECT  OF  O,  AND  H2  ON  CORROSION  RESIST¬ 
ANCE  OF  TITANIUM  AND  TITANIUM  ALLOYS  IN 
ROOM  TEMPERATURE  20  PERCENT  H2S04(31) 


Weight  Loss, 


Alloy 

Gas 

mil/yr 

Titanium 

°2 

4(«) 

h2 

29,  , 

Ti  +  0.37%  Pt 

°2 

<2(b) 

h2 

<2 

Ti  -t-  0.44%  Pd 

°2 

<2 

h2 

<2 

(b)  The  possible  weighing  error  of  these  tests  is 
±2  mil/yr. 


TABLE  20.  GALVANIC  COUPLING  OF  TITANIUM  TO  VARIOUS  CATH¬ 
ODIC  MATERIALS  IN  BOILING  H2S04(32) 


Couple 

Area  Ratio, 
Ti  to  • 
Cathode 

Corrosion  Rate. 

1DDY 

Boiling 
1%  H2S04 

Bolling 

3%  H2SO4  + 
5%  Na2S04 

Bolling 
5%  H2S04  + 
5%  Na2S04 

Ti 

450 

580 

930 

Ti-18-8 

1 

0 

— 

— 

2 

3 

— 

, - 

6.6 

2 

— 

— 

Ti-Hast 

1 

0 

— 

— 

F 

12 

0.6 

— 

— 

Ti-C 

0.2 

0 

0 

1150 

0.5 

— 

0 

— 

1 

— 

380 

— 

Ti-Pt 

0.25 

— 

— 

6.7 

1 

— 

— 

21 

2 

— 

— 

21 

4 

— 

— 

35 

35 

— 

540 

TABLE  21.  QORROSION  RATES,  MILS  PER  YEAR,  OF  TITANIUM  IN 
BOILING  H2S04  AND  HC1  WHEN  COUPLED  TO  VARIOUS 
METALS'  337 


Coupling 

Metal 

o.a» 

h2so4 

Coupling 

Metal 

2M 

h2so4 

Coupling 

Metal 

2M 

HCi 

*9 

2300  to  10,000 

Nl 

1940 

Sb 

2200 

V 

2300 

Pd 

1820 

V 

2000 

Au 

2100 

Au 

1790 

CU 

1970 

Cu 

2070 

Cu 

1790 

*9 

1970 

Sb 

1750 

Fe 

1670 

Fe 

1620 

Ag 

1590 

Pb 

1340 

Sn 

1180 

Nl 

1400 

Rh 

1270 

Fe 

1150 

Co 

1400 

Pt 

1110 

In 

990 

Pb 

1180 

In 

1100 

Pd 

1150 

Co 

840 

Sn 

1020 

Pb 

840 

Bi 

820 

Bi 

810 

Cd 

800 

B1 

960 

Sn 

800 

A1 

740 

Cd 

860 

Nl 

660 

Zn 

830 

Ir 

0 

Hg 

770 

Au 

110 

Rh 

0 

Pd 

0 

Pt 

0 

Rh 

0 

Ir 

0 

Pt 

0 

tr 

0 

TABU  19.  EFFECT  OF  Pt  AND  Pd  ALLOY  ADOITICMS  ON  THE 
CORROSION  RESISTANCE  OF  TITANIUM  IN  OXYGEN- 
FREE  H29O4  AND  HC1  AT  190  C  (374  F)(3i) 


CowDOtition 

" 

vr*"" 

T5T" 

I 

l«9Qa 

i»r 

IT 

_SSL 

3% 

~1C* 

9%w% 

Titanium 

515 

m  m 

_ 

2230 

Ti  7-  0.03%  Pt 

<2 

<2 

3.4 

Dias 

Ti  ♦  0.29%  Pt 

<2 

<2 

3.3 

11.3 

<2 

<2 

890 

TI  -e  0.0«%  Pd 

<2 

<2 

3.3 

Disa 

Ti  ♦  0.44%  Pd 

<2 

<2 

5.0 

12.0 

<2 

<2 

1120 

(a)  One-period  tests,  44,  to  64  hr  duration.  The  passi¬ 
ble  weighing  eon  in  these  tests  is  *2  mil/yr. 


12 


TABLE  22.  RESISTANCE  OF  TITANIUM  TO  REDUCING  ACIDS  WITH.  CONTINUOUS  ANODIC 
PASSIVATION^) 


Acid 

w/w  percent 

Tempera¬ 

ture, 

F 

Potential 
Versus  Hj 
Scale, 
volts 

Corrosion  Rate 
With  Applied 
Potential, 
mpy 

Factor  by 
Which  Rate 
of  Corrosion 
is  Reduced 

40*  Sulphuric  Acid 

140 

2.1 

<5 

11,000 

40*  Sulphuric  Acid 

194 

1.4 

<5 

896 

60*  Sulphuric  Acid 

140 

1.7 

<5 

662 

60*  Sulphuric  Acid 

194 

3.0 

<5 

163 

80*  Sulphuric  Acid 

140 

1.0 

<50 

140 

37*  Hydrochloric  Acid, 
cone 

140 

1.7 

<5 

2,080 

60*  Phosphoric  Acid 

140 

2.7 

<5 

307 

60*  Phosphoric  Acid 

194 

2.0 

<50 

100 

50*  Formic  Acid 

BP 

1.4 

<5 

70 

25*  Oxalic  Acid 

194 

1.6 

<5 

1,000 

25*  Oxalic  Acic! 

BP 

1.6 

<50 

350 

20*  Sulphamic  Acid 

194 

0.7 

<5 

2,710 

TABLE  23.  CORROSION  RATE  OF  TITANIUM  IN  15*  HC1 
WITH  Pt,  Cu,  AND  Fe  I0Ns(38) 


Concentration  Corrosion 
Cations  of  Additive,  Rate, 
Solution _ Added _ qm-ions/l  x  10-6  mpv 

15*  HC1  None  —  18 

Fe3*  40  19 

50  22 

80  0 

Cu2*  5  19 

10  25 

20  30 

30  24 

40  0 

Pt4*  0.5  42 

0.75  51 

1  45 

2  0 

15%  HC1  +  .None  —  226 

0.8%  NaF  Pt4*  0.5  23,600 

15  24,700 

50  25,000 


TABLE  24.  EFFECT  OF  METAL  CATIONS  AT  10~^l  ON  THE,  . 

CORROSION  OF  TITANIUM  IN  BOILING  2M  HCU33) 


Corrosion  Rate, 

Metal _ bpy 

Iron  680 

Cobalt  1000 

Nlckal  1500 

Copper  1300 

Silver  800 

CadMluai  800 

Tin  920 

Rhodlua  Nil 

Palledltaa  Nil 

Antimony  Nil 

Irldlua  Nil 

P latino*  Nil 

Gold  Nil 

Lead  840 


TABLE  25.  EFFECT  OF  FOUR-VALENT  TITANIUM  ON  GORROSION 
RATES  OF  UNALLOYED  TITANIUM  IN  VARIOUS 
S0LUTI0NS(8) 


Solution 

Ti+4  Concen¬ 
tration,  (s) 
grsas/liter 

Tenpera- 

ture 

Corrosion 

Rate, 

mpy 

15*  H0SO4  * 
4*  CuS04 

0.11 

Bolling 

About  20 

0.44 

0.66 

0.9 

Nil  (positive 
weight  gain) 

10%  HC1 

0.5 

Bolling 

Spec,  dissolved 

10%  HC1 

1.0 

Nil  (positive 
weight  gain) 

20XHC1 

2.B8 

Spec,  dissolved 

20XHC1 

5.76 

Nil  (positive 
weight  gain) 

1*  HC1  + 

0 

Bolling 

2.9 

5*  HNO3 

0.03 

0.43 

0.4 

Nil  (positive 
weight  gain) 

2XKF 

0 

50 

100 

Room 

6520 

1970 

Nil  (positive 
weight  gain) 

i  1*  Mta*  tee 

aqueous  solution. 
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TABLE  26.  CORROSION  RESISTANCE  OF  TITANIUM  ALLOYS  IN  HCl( 21) 


Corrosion  in  HC1.  mils  per  year 


B.qiljj.q _  _ £4_F 


Alloy 

1# 

3# 

5# 

15# 

20# 

25# 

30# 

35# 

Titanium 

410 

1870 

3400 

70 

200 

480 

740 

1310 

Ti-O.lPd 

50 

180 

390 

0.8 

19 

40 

90 

1210 

Ti-2Pd 

12 

— 

40 

Nil 

Nil 

1.5 

4 

400 

Ti-15Mo 

50 

180 

500 

Nil 

Nil 

100 

120 

410 

Ti-lSMo-O.lPd 

30 

50 

60 

Nil 

Nil 

Nil 

20 

80 

Ti-15Mo-2Pd 

9 

— 

17 

Nil 

Nil 

Nil 

Nil 

1.5 

Ti-15Cr 

330 

1530 

2600 

34 

100 

370 

650 

990 

Ti-15Cr-0.1Pd 

30 

70 

no 

3 

4 

20 

26 

180 

Ti-15Cr-2Pd 

6 

— 

9 

Nil 

Nil 

Nil 

4 

30 

T i-5Pd 

— 

— 

— 

Nil 

Nil 

1.5 

15 

800 

THE  POTENTIAL  OF  A  TITANIUM  SAMPLE  IN 
BOILING  2M  HYDROCHLORIC  ACID*33' 


mil  per  year  In  boiling  2D  percent  HC1.  Substitu¬ 
tion  of  nor*  then  15  percent  columblu*  for  tanta¬ 
lum  caused  a  rapid  Increase  In  the  rate  of  attacks 


Anodic  Protection 

Titanium  can  be  protected  In  HC1  solutions 
by  suitable  anodic  currents.! 7 *36)  For  example, 
anodic  protection  of  titanium  is  possible  in  37 
percent  HC1  at  140  F  (see  Table  22). 

Stress-Corrosion  Cracking 

Titanium  has  been  known  to  be  susceptible  to 
stress-corrosion  cracking  in  10  percent  HC1. 

Failure  was  reported  for  Ti-5Al-2.5Sn  stressed  to 
90  percent  of  the  proportional  limit  in  9b  F  acid, 
(see  reference  39).  Recent  studies  have  shown 
that  a  T1-5A1  alloy  suffers  brittle  failure  in  5.3 
and  10  percent  HC1  (as  well  as  H2SO4  solutions).'37' 
Both  VT-1  (unalloyed  titanium)  and  VT5  (TI-5A1) , 
welded  and  unwelded,  were  exposed  to  HC1  solutions 
at  various  stress  levels.  The  time  to  failure  was 
found  to  vary  with  the  stress  level,  as  shown  in 
Figure  4. 


QHVMtt  fiflMBlIi 

The  corrosion  of  titanium  in  boiling  3M  HCl 
when  coupled  to  various  metals  is  shown  in  Table 
21.  Only  the  noble  metals  reduce  the  attack  on 
titanium  to  a  reasonable  level. 


FIGURE  4. 


EFFECT  OF  STRESS  ON  TON  TO  FAILURE  OF 
UNALLOYED,  TITANIUM  AW  TI-5A1  IN  HCl 
SOLUTIONS'37' 


I! 

2 

3 

4 

a; 


T1-5A1  in  5  percent  HCl. 

T1-5A1  in  10  percent  HCl 
Unalloyed  Ti  in  10  percent  HCl 
Melded  T1-5A1  in  10  percent  HCl 
Melded  Ti  in  10  percent  HCl. 


Brittle  failure  occurred  in  T1-5A1  and  was 
promoted  by  small  stresses  and  low  speed  of  cor¬ 
rosion.  Cracks  were  formed  on  T1-5A1  in  5.3  per¬ 
cent  HC1  at  stresses  as  high  as  102,000  psi  (76 
percent  of  the  ultimate  tensile  strength).  Micro¬ 
scopic  examination  showed  a  solid  greyish  blue  hy¬ 
dride  layer. 

It  is  believed  that  stress  on  the  T1-5A1  alloy 
promoted  the  penetration  into  the  metal  during  ex¬ 
posure  to  HC1  solutions.  The  precipitation  of 
titanium  hydrides  then  occurred  chiefly  along  the 
slip  planes  and  partically  in  the  direction  per¬ 
pendicular  to  the  applied  stress.  Failure  then 
resulted  in  a  brittle  manner.  Welded  samples 
failed  more  quickly. 

field  Tests 

Titanium  nuts  and  bolts  show  good  resistance 
in  a  variety  of  hydrochloric  acid  fumes,  as  shown 
in  Table  27. 


Titanium  is  attacked  very  rapidly  by  hydro¬ 
fluoric  acid,  even  in  low  concentrations  (see 
Reference  2) . 

No  attack  on  titanium  is  reported  in  boiling 
10  percent  hydriodic  acid  and  little  attack  is 
indicated  in  various  concentrations  of  hydrogen 
bromide  at  high  temper atur e.( D 

id 


Titanium  is  quite  resistant  to  nitric  acid 
at  all  concentrations  and  up  to  the  boiling  point. 
Titanium  heating  coils  are  used  commercially  for 
70  percent  acid  at  boiling.!40)  Under  the  heat- 
transfer  conditions  used  here,  titanium  was  more 
resistant  than  many  of  the  other  metals  tested 
except  zirconium! 4*)  (see  Table  28). 

The  resistance  of  titanium  to  chemical  at¬ 
tack  is  believed  to  be  related  to  the  precipita¬ 
tion  of  tetravalent  titanium,  Ti+4,  to  font  a 
protective  TiOj  film  on  the  surfaced 24> 8)  thus, 
even  in  highly  oxidising  boiling  70  percent  nitric 
acH,  the  corrosion  rate  of  titanium  decreases  with 
tls.e  and  with  increasing  ratio  of  area  of  titanium 
to  volume  of  acid  (see  Table  29). 

The  effect  of  temperature  on  the  nitric  acid 
resistance  of  titanium  la  shown  In  Table  X.  Note 
that  the  corrosion  seems  to  reach  a  minimum  at  a 
temperature  near  <80  F.  However,  a  considerable 
variation  In  corrosion  rates  was  noted  with  change 
In  sample  area  to  acid  volume  ratio,!  22)  as 
previously  discussed. 

A  titanium  +0.15  percent  palladium  alloy  Is 
reported  to  have  about  the  same  corrosion  re¬ 
sistance  as  unalloyed  titanium  at  the  boiling . 
point  In  X,  X,  and  55  percent  nitric  aeid.\w 
The  corrosion  rates  of  titanium-zirconium  alloys 
In  98  percent  nitric  acid  at  212  F  art  shewn  In 
Table  31.  Alloys  of  titanium  with  X  and  X  per¬ 
cent  molybdenum  have  poor  resistance  to  nitric 
acid.!6)  Corrosion  rates  of  IX  to  500  mil  per 
year  woulo  be  expected  In  boiling  15  and  X  per¬ 
cent  acid. 


The  corrosion  of  several  titanium  alloys 
with  palladium,  molybdenum,  and  carbon  in  hot 
65  percent  acid  saturated  with  metal  nitrates  is 
shown  in  Table  32. 


As  noted  above  and  in  Reference  2,  titanium 
has  low  corrosion  rates  in  both  white  and  red 
fuming  nitric  acid.*  However,  titanium  suffers 
severe  stress-corrosion  cracking  and/or  pyrophoric 
reaction  in  dry  red  fuming  nitric  acid.  Water 
addition  of  1.5  to  2  percent  inhibits  this  reaction. 
The  current  military  specification  of  2.5  ±  0.5 
percent  water  in  red  fuming  nitric  acid  is  safe 
for  use  with  titanium.  The  0.6  percent  addition 
of  HF  added  to  inhibit  attack  of  stainless  steels 
and  aluminum  increases  the  corrosion  attack  of 
fuming  nitric  acids  on  titanium. 

Phosphoric  Acid 

Titanium  shows  behavior  in  phosphoric  acid 
similar  to  its  behavior  in  hydrochloric  acid. 

However,  its  passive  range  extends  to  about  30 
percent  H3PO4  at  room  temperature. ( 1)  Titanium 
corrodes  less  than  1  mpy  in  30  percent  acid  at 
95  F,  5  percent  acid  at  140  F,  and  1  percent  acid 
at  212  F.(2)  At  the  boiling  point,  titanium  is 
rapidly  attacked  even  in  dilute  acid  ( 10  mpy  in 
1  percent  acid. (22) 

Table  33  gives  corrosion  data  for  zirconium- 
titanium  alloys  in  phosphoric  acid. 

Titanium  can  be  anodically  protected  in  60 
percent  acid  at  140  F  (see  Table  22).  Table  34 
compares  the  corrosion  resistance  of  titanium, 
zirconium,  and  titanium-zirconium  alloys  at  various 
applied  potentials  in  H3PO4  and  HNO3  mixtures. 

NlX&d  Asl&  ‘ 

Titanium  shows  good  resistance  to  mixed 
oxidizing  acids.  Table  35  presents  data  for  mix¬ 
tures  of  HNO3-H2SO4. 

In  a  boiling  solution  (about  2X  F)  of  2M 
HC1-SM  HNO3,  titanium  showa  excellent  resistance.!42) 
This  solution  is  used  in  a  nuclear  fuel  recovery 
process  known  as  "Darex*  for  dilute  aqua  regia. 

Even  with  actively  dissolving  Type  X4  stainless 
steel,  the  corrosion  rate  of  T1-45A  and  TI-6A1-4V 
is  leas  than  0.2  mpy. 

In  the  "Zircex"  process  (for  dissolution  of 
zirconium-dad  fuel  elements),  titanium  showed 
little  attack  In  laboratory  studies  with  boiling 
O.SM  HNO3  +  0.4M  UClg  or  3M  HNO3  ♦  0.4M  UCI3.!42) 
Titanium  Is  attacked  in  another  stpp  of  the  process 1 
that  of  boiling  azeotropic  (6.1M)  hydrochloric 
acid.  Bubbling  of  nitrogen  dioxide  through  the 
solution  reduced  the  attack  of  titanium  to  a  very 
low  rate  in  both  the  liquid  and  the  vapor  phase. 
Chlorine  gas  reduced  the  attack  similarly,  but 
only  In  the  vapor  phase.  Nitrous  oxide,  nitric 
oxide,  and  nltrosyl  chloride  give  no  inhibition.!42) 


Nhlte  fuming  KMO3  -  97  percent  Min  HNO3,  0  to 
0.015  percent  NOg,  2  percent  Max  HgO. 

Bed  fuming  HNO3  -  §2  to  85  percent  HNO3,  14  * 
1  percent  NOg,  2.5  A  0.5  percent  HgO. 
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TABLE  27 .  FIELD  TESTING  OF  TITANIUM  EQUIPMENT  IN  HY DRY CHLORIC  ACID  ATMOS- 
PH£RE(  3) 


Equipment 


Type  of 
Titanium 


Nuts  and  bolts  on  manhole  Wrought 

cover  on  hydrochloric 
acid  tank  car 

Nuts  and  bolts,  muriatic  A-70 

acid  absorber  system 

Capscrews  for  securing  Wrought 

seal  on  muriatic  acid 
loading  pump 

Bolts  for  securing  seals  Wrought 

to  muriatic  acid  load¬ 
ing  pump 


Wrought 


Environment 

HC1  fumes  and 
spillage 

HC1  fumes 

HC1  fumes  and 
spillage 

HC1  fumes  and 
spillage 


Time  in 
Service, 
months 


Remarks 


Excellent 


Excellent 

Excellent 


Excellent 


TABLE  28.  VAPOR-LIQUID  CORROSION  OF  VARIOUS  ALLOYS  IN  65*  HN03  USING  PRESSURIZED  INTERFACE  HEAT  TRANSFER  UNITED 

Heat  Flux^  Cooling(e) 


Tnnperi- 


Tempera- 


Coolingf a) 
1/2  laaartlo 
Tempera- 


Tnptn- 


321  SS 
304  SS 

309  SS 

310  SS 
Inconel 
Multistat 
Haynes  Alley  25 
Haatalloy  Alloy  C 
Titanium 
Zirconium 


107 

140 

142 

122 

21 

127 

23 

126 

23 

3,400 

170 

3,350 

143 

569 

151 

2,370 

303 

107 

176 

106 

142 

34 

149 

64 

„ 

25 

33 

146 

47 

126 

11 

135 

14 

133 

13 

9,800 

153 

10,700 

126 

78 

135 

18,100 

131 

1,100 

36 

143 

42 

124 

17 

129 

17 

127 

23 

149 

160 

115 

132 

67 

141 

72 

136 

86 

4,500 

147 

2,400 

129 

863 

135 

2,600 

118 

408 

a,  v 

225 

2,., 

170 

15  . 

181 

2. 

174 

l 

<i(f) 

179 

<lU) 

142 

<!(*> 

155 

<l(« 

147 

<1»> 

(a)  Estimated  prat  tun. 

(t)  18  hour  exposure. 

(c)  48  hour  exposure. 

(d)  72  hour  exposure. 

(e)  Temperature  reported  is  for  liquid  phase  area  of  specimen,  vapor  phase  temperatures  run  2  to  10  C  hotter. 
If)  Actually  <0.1  mpy. 


TABLE  29.  VARIATION  OF  CORROSION  OF  UNALLOYED 
TITANIUM  IN  BOIUNQ  70*  HMO,  WITH  EX¬ 
POSED  AREA  AND  LENGTH  OF  BXN8URl(«>84) 


Saaple  Area  to 
Solution  Voluae, 
tq  in./ll  tor 

0.5  and  5 


Exposure 

Period, 

hr 


Corrotion  Rate, 
■iii/w 
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TABLE  30.  CORROSION  RATES  OF  TITANIUM  IN  NITRIC  ACID  AT  HIGHER  TEMPERATURE( 6,22) 


Temperature, 

F 

Corrosion  Rate,  mil/yr,  at  Indicated 
Concentration,  percent 

5  10 

20 

30 

40 

50 

60 

70 

98 

Reference 

95 

0.06  0.2 

0.4 

0.2 

„ 

0.08 

(6) 

212 

0.6  1.4 

1.4- 

0.2 

— 

0.2 

— 

0.8 

— 

(6) 

Bolling 
(212  to  250  F) 

— 

5 

8 

15 

30 

23 

14 

(22) 

374 

— 

— 

80 

110 

110 

50 

15 

— 

(22) 

392 

— 

— 

— 

26 

— 

— 

— 

— 

(6) 

482 

—  <1 

<1 

<1 

<1 

<1 

<1 

<1 

— 

(22) 

554 

— 

14 

— 

— 

— 

—* * 

45 

— 

(6) 

TABLE  31.  CORROSION  RESISTANCE  OF  ZIROONIUM- 

TITANIUM  ALLOYS  IN  98  PERCENT  SOLUTIONS 
OF  NITRIC  ACID  AT  212  F(29) 


TABLE  32.  CORROSION  OF  TITANIUM  ALLOYS  IN 

65  PERCENT  HNO3  AT  210  F,  SATURATED 
IN  METAL  NITRATESw) 


Alloy  Composition. 
Zr 

B9J.2£n,t 

Tl 

Corrosion  Rate, 
mpy 

100 

.. 

Nil 

95 

5 

Nil 

90 

10 

Nil 

80 

20 

4.5 

70 

30 

12 

60 

40 

12 

50 

50 

13 

40 

60 

9.3 

30 

70 

34 

20 

80 

33 

10 

90 

1.3 

5 

95 

0.8 

— 

100 

0.8 

Alloy  Content,  percent  Corrosion  Rate , 


Pd 

C 

Mo 

mpy 

— — 

Nil 

0.22 

— 

— 

Nil 

0.19 

0.015 

11.90 

0.03 

0.20 

0.014 

19.89 

3 

— 

1.90 

— 

0.6 

— 

1.07 

22.66 

24 

— 

1.43 

— 

0.3 

0.20 

1.19 

— 

0.3 

0.21 

1.29 

— 

0.4 

0.13 

1.30 

19.69 

14 

0.17 

1.19 

20.96 

6 

fABLE  33.  OORROSION  RESISTANCE  OF  ZIROONIUM-TITANIUM  ALLOYS  IN  PHOSPHORIC  ACId(29) 


Corrosion  Rate.  ■!!«  per  vt«r(») 


— Mien —  _ HLE _  _ IQfLI _  _ 212  f 

Zr  T)  20X  40*  60X  90X  20%  40X  60X  80X  20X  40% 


100 

„ 

Nil 

Nil 

Nil 

1.6 

Nil 

0.3 

16 

21 

Nil 

1.1 

93 

3 

Nil 

Nil 

0.3 

4 

Nil 

1.1 

22 

16 

Nil 

2.7 

90 

10 

Nil 

Nil 

1.1 

2.2 

Nil 

1.1 

8 

22 

11 

110 

80 

20 

Nil 

l.l 

2.8 

9 

0.3 

11 

11 

31 

23 

110 

70 

30 

Nil 

l.B 

4 

12 

1.2 

18 

29 

82 

60 

180 

60 

40 

0.4 

3.6 

6 

12 

4 

36 

43 

90 

43 

360 

50 

SO 

1.9 

4 

6 

13 

< 

30 

30 

93 

13 

370 

40 

60 

2.0 

7 

7 

13 

7 

47 

<7 

.100 

20 

930 

30 

70 

1.4 

5 

7 

10 

14 

40 

41 

73 

70 

930 

20 

80 

1.4 

3.3 

7 

11 

14 

49 

49 

63 

210 

990 

10 

90 

1.3 

2.2 

2.9 

4 

7 

37 

22 

37 

310 

1030 

100 

0.7 

2.3 

2.3 

3 

3.8 

31 

23 

46 

610 

1300 

(•)  Based  on  reported  weight  losses  and  estimated  alloy  densities. 


TABLE  34.  QOM0S1ON  RESIST ANCI  OF  TITANIUM, ZIRCONIUM  AMD  ZIBCONHH- 
T ITANIUM  ALLOYS  IN  PHOSPHORIC  AND  NITRIC  ACID  MIXTURS8  AT 
DEF1MITS  POTSNTIALSxW 


fetottac. 


HjP04, 
percent 


KNDj, 

percent 


Potential 

W.v  Zr 


uuigSm it 

Tl _ Alley 


•0.2 

9«ln 

1600 

640 

0.23 

♦0.1 

79 

1109 

233 

0.3 

♦0.4 

0 

230 

110 

3.0 

♦0.7 

«aln 

0 

9*ln 

as 

88 

88 
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TABLE  35.  CORROSION  OF  TITANIUM  IN  MIXTURES  OF 
NITRIC  AND  SULFURIC  ACIDSU) 


Concentration, 
_ percent _ 

Corrosion. 

IJ1DV 

HNO3 

h2so4 

95  F 

150  F 

100 

0 

0.3 

0.1 

90 

10 

0.3 

0.5 

50 

50 

1.4 

16 

20 

80 

10 

80 

10 

90 

10 

10 

5 

95 

3 

80 

0 

100 

230 

400 

A  comparison  of  several  metals  and  alloys 
in  various  fuel-processing  systems  is  shown  in 
Table  36. 

Titanium  has  also  been  examined  for  use  in 
the  Zirflex  process  for  zirconium  dissolution.!44) 
Solutions  of  16M  nitric  acid  with  additions  of 
1M  HF,  1M  HF  t  1M  Cr,  1M  HF  +  0.2M  Cr,  0.1M  HF  t- 
1M  Cr,  or  1.8M  +  0.52M  Cr  were  studied.  Even  the 
least  corrosive  solution  (listed  in  descending 
corrosiveness)  attacked  titanium  at  a  rate  of  more 
than  1  inch  per  year.  Howevert  with  the  addition 
of  zirconium,  in  an  amount  1/3  to  1 /2  that  of  the 
fluoridef  the  corrosion  rate  of  titanium  could  be 
reduced  to  the  order  of  1  mil  per  year.!44) 

itttst  cf  Biflition 

In-pile  exposure  of  titanium  haa  been  re¬ 
ported  in  several  environments.  In  general,  the 
corrosion  of  titanium  increases  with  an  increase 
in  radiation  flux.  In  the  case  of  hydrochloric 
acid,  however,  exposure  to  alpha  activity  results 
in  lowered  corrosion  rates  because  of  production 
of  hydrogen  peroxide  in  the  liquid  phase  and  63 
in  the  vapor  phases45)  (see  Table  37). 

In-pile  studies  were  performed  using 
solutions  containing  0.4M  I^S04  (about  4  percent) 

♦  0.17M  UO2&4  +  0.1SM  Cu304.  Corrosion  of  TI-55A 
varied  from  0.7  mpy  at  a  flux  of  4.3  watta/ml  to 
1.6  mpy  at  16.9  wetts/ml .  T1-6A1-4V  corroded  at 
about  twice  the  rate  of  TI-55A  at  similar  power 
densities. (46)  in  similar  studies,  the  corrosion 
rate  of  Ti-bAl-2.9Sn  was  reported  as  1.4  apy  at 
20  watti/mlT47! 

High  radiation  fluxes  were  found  to  increase 
the  rata  of  oxide-film  formation  on  titanium 
specimens. (48)  The  studies  were  performed  in  19 
percent  Og-axgon  atmosphere  at  68  F.  1  atmosphere 
pressure,  at  a  radiation  of  90  x  10*  rad  (cobalt 
60,  gamna)  and  neutron  flux  of  10**  n/cm3. 


fifalartnt 


Titanium  is  rapidly  and  almost  explosively 
attacked  in  dry  chlorine  gas,  even  at  room 
temperature.  In  the  presence  of  moisture  (>0.013 
percent),  however,  titanium  is  almost  completely 
resistant  to  chlorine.!  **49)  This  critical  water 
content  may  be  as  low  as  90  ppm. (50)  Ixposures 
of  titanium  to  various  chlorine-containing  environ¬ 


ments  are  described  in  Tables  2,  38,  39,  and  40. 
Titanium  is  presently  being  used  for  wet  chlorine 
heat  exchangers  and  coolers.! 8,51) 

Titanium  is  reported  to  be  susceptible  to 
crevice  attack  under  some  conditions  in  moist 
chlorine. (50,52)  Crevice  corrosion  was  found 
under  Teflon  tape  in  a  chlorine  duct  at  190  F.  A 
blue  corrosion  product  believed  to  be  TiaOs  was 
found,  which  subsequently  turned  white  when  exposed 
to  air.  The  mechanism  is  believed  to  be  a  slow 
dehydration  below  the  critical  moisture  level*  in 
stagnant  crevices  having  a  large  metal  to  gas  ratio. 
The  reaction  rate  then  increases  due  to  the  ac¬ 
cumulation  of  acidic  hygroscopic  corrosion  pro¬ 
ducts.!53) 

Hvdrooen 

In  general,  the  reactivity  of  titanium  with 
hydrogen  follows  the  same  pattern  as  that  observed 
for  titanium  with  such  other  reactive  gases  as 
oxygen  and  nitrogen.  Under  certain  conditions, 
all  three  of  these  gases  can  react  with  and  serious¬ 
ly  embrittle  titanium  and  its  alloys.  The  degree 
of  reaction  with  these  gases  is  a  function  of 
time,  temperature,  and  pressure. 

A  discussion  of  the  effects  of  hydrogen  on 
the  properties  of  titanium  and  its  alloys  is  beyond 
the  scope  of  this  memorandum.  Nonetheless,  it  can 
be  stated  that,  in  general,  the  absorption  by 
titanium  of  hydrogen  In  amounts  above  about  90  to 
150  ppm  can  result  in  hydride  precipitation,  em¬ 
brittlement,  and  subsequent  failure  under  stress. 
Certain  alloying  additions,  Including  alualnum  and 
such  beta  stabilisers  as  vanadium  and  molybdenum, 
increase  the  tolerance  of  titanium  for  hydrogen 
considerably.  The  T1-6A1-4V  alloy,  for  example, 
la  emits  resistant  to  hydrogen  embrittlement  and 
loss  of  ductility  rarely  occurs  with  less  than  300 
ppm  hydrogen. 

The  high  reactivity  of  titanium  with  gaseous 
hydrogen  at  moderate- to-high  temperatures  has  been 
known  and  accepted  for  some  time.  At  the  other 
tnperature  extreme,  titanium  has  been  found  to  be 
completely  passive  in  liquid  hydrogen.  The 
temperature  regime  of  reactivity  which  is  of 
greatest  concern  is  that  which  extends  from  room 
temperature  to  about  800  F  where  the  behavior  of 
titanium  and  its  alloys  has  been  erratic. 

In  brief ,  a  review  of  the  available  WIC 
data  shows  that  the  reactivity  of  titanium  and  its 
alloys  with  hydrogen  can  be  broken  down  roughly 
into  three  temperature  regimes  which  are  defined 
as  follows 1 

iMMatet  Jtonai.  f  hunt  sL  Brtwaia  Jn&tttttt 

-423  to  -300  No  evidence  of  reaction 

70  to  100  Erratic  behaviori  reactions 
sometimes  observed  with  sub¬ 
sequent  property  degradation 

840  and  above  Rapid  reaction  and  subsequent 
loss  of  ductility* 

Table  41  summarises  the  time,  temperature,  and 
pressure  data  on  which  the  above  summary  tabulation 
is  based.  Some  details  from  the  studies  which  have 
been  conducted  in  the  lower  temperature  ranges  of 
interest  are  discussed  in  the  paragraphs  which 
follow. 


TMU  38.  BPOSUBCS  XM  (MODUS  CMjOSXNBO)  TABLE  39.  EXPOSURE  IN  SOLUTIONS  CONTAINING  FREE  CHLORINEt 3) 


Plif: 


s, 


TABLE  40.  FIELD  TESTING  OF  TITANI'JW  EQUIPMENT  IN  CHLORINE  ENVIRONMENTS(  3) 


Equipment 


Type  of 
Titanium 


Environment 


T line  in 

Service, 

months 


Remarks 


2  inch  gate  valve 

Cast 

17*  H0C1 

36 

Excellent 

X  inch  cooling  coil  ' 

A -55 

H0C1  neutralizer  tank 

36 

Excellent,  replaces 
silver 

2  inch  Y  valve 

Wrought 

45*  H2SO4  saturated  with  Cl2 

30 

Excellent 

3/4  inch  butterfly  ‘alve 
shafts 

A-70 

Wet  Cl2  gas,  185  F 

36 

Excellent 

Spray  drier  atomizer  wheel 

Wrought 

18*  Ca  (0C1)2  solution 

60 

Excellent,  replaces 
Hastelloy  C 

i  1  inch  diaphragm  valve 

Cast 

Chlorinated  NaCl  brine 

36 

Excellent 

l/4  inch  steam  tracer  tubing 

Wrought 

HC1  and  CI2  fumes 

30 

Excellent 

j  Heat  exchanger 

Wrought 

CIO2  and  steam  at  212  F 

14 

Excellent 

:  Chlorine  contact  cooler 

■  sparger  pipes 

Wrought 

Chlorinated  hot  water,  hot, 
wet  Cl,  gas 

48 

Excellent 

1  Pump  impeller 

Cast 

Depleted  NaCl  brine  saturated 
with  Cl2 

24 

Excellent 

Pump 

Cast 

Nearly  saturated  NaCl  brine, 
containing  100  to  150  ppm  CI2 

12 

Excellent 

Sparger  pipe  and  distributor 
bolts 

A-70 

Depleted  NaCl  brine,  Cl2  0.008 
gpl 

30 

Excellent 

i/4  inch  straps  on  sparger 
pipes 

A-70 

Depleted  NaCl  brine,  Cl2  0.008 

gpi 

30 

Excellent 

f  Leval-trol 

{ 

Wrought 

Depleted  NaCl  brine,  wet  Cl2 

36 

Excellent 

1  10  Inch  orifice 

A-70 

Acid  NaCl  brine,  Cl2  0.4  gpl 

48 

Excellent 

!  ■'  3  inch  orifice 

A-70 

NaOH  7*,  NaOCl  25  gpl,  100  F 

24 

Excellent 

■  Thermowell 

A-55 

NaCl  275  gpl,  Cl2  0.2  vo  0.5  gpl 

48 

Excellent 

^  Thermowells  (2) 

/■  ••  1  •  ‘  • 

A-55 

KC1  300  to  320  gpl,  Cl2  100  to 

150  ppm 

36 

Excellent 

t  Thermowell 

Wrought 

NaOH  7*,  NaOCl  2*.  100  F 

9 

Excellent 

|  x..  .  Diaphragm  cell  top  liner 

Sheet 

Wet  CI2  gas  and  NaCl  brine, 

200  F 

15 

Failed  at  welds 

Stud  bolts 

A-70 

Chlorine  plant  atmosphere 

42 

Excel lent 

^  Thermowell 

Wrought 

Wet  Cl2  gas 

51 

Excellent 

18  inch  butterfly  valve 

Wrought 

Wet  CI2  gas 

18 

Excellent 

1  inch  diameter  shaft  for 

10  inch  butte'rf ly  valve 

Wrought 

Acid  chlorine  contaminated  air 

M 

Excellent 

Thermowells  T 6) 

Wrought 

Wet  CI2  gas  at  82  F 

12 

Excellent 

Butterfly  valve  stem 

Wrought 

Wet  CI2  gas 

9 

Apparently  okay 

Thermowells  (7) 

Wrought 

Cl2  gas  and  Cl2  saturated 

H2O  at  200  F 

9 

Excellent 

Packing  support  grid  and 
sparger  tube 

Wrought 

Alkaline  NaOCl 

36 

Excel  lent 

-'v  Pu.tip  shaft  sleeve 

Wrought 

Chlorinated  NaCl  brine 

1 

Failed  by  pitting 
undar  rubber 

tlaev* 

Heat  exchangers,  1220 
sq  ft  (2) 

Wrought 

Sodium  chlorate  call  liquor, 

110  F 

6 

Excellent 

Heat  exchanger,  15  sq  ft 

Wrought 

Sodium  chlorata  call  liquor, 

70  to  100  F 

9 

Excellent 

ISs//-, 


'■  :  1 
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TABLE  41.  SELECTED  DATA  ILLUSTRATING  THE  REACTIVITY  OF  TITANIUM  AND  TITANIUM  ALLOYS  KITH  HYDROGEN 


Material 

Temperature, 

F 

Pressure 

Time 

Remarks 

Refer¬ 

ence 

Unalloyed  Ti 

75 

1  atm 

m 

H2  absorbed 

(54) 

75 

52,000  psi 

60  days 

No  embrittlement  observed 

(55) 

75  to  140 

300  psi 

5  to  250  hr 

Surface  hydride  formed; 
erratic  behavior 

(56) 

900 

1  atm 

10  min 

RT  embrittlement  observed 

(57) 

Ti-5Al-2.5Sn 

-423 

— 

1/2  to  5  hr 

No  effect  on  RT  tensile  or 
fatigue  properties 

(58) 

-423 

— *■ 

100  hr 

No  effect  or.  RT  creep 
properties 

(59) 

400  to  600 

1  atm 

4  hr 

No  RT  bend  embrittlement 

(57) 

800  to  2400 

1  atm 

4  hr 

RT  bend  embrittlement 

(57) 

212 

2  atm 

8  months 

No  H2  absorbed,  stressed  or 
unstressed 

(60) 

450 

2  atm 

4  months 

Unstressed  -  no  H2  absorbed 
Stressed  -  H2  absorbed 

(60) 

840 

2  atm 

1  month 

H2  absorbed,  stressed  and 
unstressed 

(60) 

Ti-5Al-2.5Sn  (ELI) 

-423  to  -300 

0  to  300  psla 

918  hr 

No  h2  absorbed 

(56) 

(56) 

-423  to  70  . 

0  to  300  psla 

556  hr 

No  H2  absorbed 

70  to  140 

300  psi 

5  to  250  hr 

Surface  hydride  formed; 
erratic  fcehabior 

(56) 

400  to  800 

1  to  15  psla 

5  to  100  hr 

Erratic  H2  absorption 

(61,62) 

T1-6A1-4V 

-423 

— 

l/2  to  5  hr 

No  effect  on  RT  tensile  or 
fatigue  properties 

(58) 

Ti-4Al-4Mn 

212 

2  atm 

8  months 

H2  absorbed,  stressed  and 
unstressed 

(60) 

450 

2  atm 

4  months 

Hj  absorbed,  stressed  and 
unstressed 

(60) 

840 

2  atm 

1  month 

H2  absorbed,  stressed  and 
unstressed 

(60) 

Tl-0Mn 

75 

52,000  psi 

60  days 

No  embrittlement  observed 

(55) 

MVMtniC  IMBWltmai  Also*  several  othei*  investigstor*  have  per¬ 

formed  various  mechanical  property  teat*  or.  tl- 
To  tho  knowledge  of  EMIC,  no  avi dance  exists  tanlum  alloys  after  exposure  to  llayui.d  hydrogen 
which  Indicates  any  reactivity  of  titanium  or  Its  which  Indicated  the  co*>atablllty  of  those  waterlals. 
alloys  with  liquid  hydrogen.  Liquid  hydrogen  Is,  Specifically,  Favor,  at  al,t»)  showed  that  neither 
for  the  wost  pert,  noncorroelve,  and  alloys  such  the  yield  strength  nor  fatigue  Units  of  the  TI-5A1- 

es  Tl-5Ai-2.5Sn  have  found  successful  application  2.5Sn  or  TI-6A1-4V  alloys  were  significantly  affected 

as  containers  for  liquid  hydrogen  In  a  number  of  after  continuous  exposure  of  from  l/2  to  5  hours  In 

aerospace  applications.  For  example,  as  a  part  of  liquid  hydrogen.  Also,  ereep  tests  performed  oh 
one  such  vendor  qualification  program,  hydrogen  the  Ti-5Al-2.5Sn  olloy,  stressed  to  85  to  90  percent 

analyses  and  bend  tests  were  perfoned  on  two  of  its  room-tempersture  yield  strength  for  exposure 

Tl-5Ai-2.5Sn  ELI  alloy  tanks  which  received  ex-  tlaes  to  100  hours  In  liquid  hydrogen,  failed  to 

posures  to  liquid  hydrogen  and  supercritical  show  any  evidence  of  adbrittleoent  by  hydrogen. (59) 

gaseous  hydrogen  for  tines  to  918  hours.  Table 
42  lists  the  exposure  conditions  and  the  environ-  HLMJBBSL1 
wen tally  induced  stresses  on  these  tanks,  and 

Table  43  shows  the  results  of  hydrogen  analyses  As  indicated  in  Table  41,  the  reactivity  of 

perfoned  on  sanples  free  both  tanks.  It  was  noted  titanium  and  its  alloys  with  hydrogen  In  this 

that,  sdille  the  wolds  contained  slightly  more  temperature  range  has  been  extremely  erratic, 

hydrogen  than  toe  tank  halves,  all  hydrogen  values  especially  at  ambient  temperatures.  The  factors 

were  well  under  toe  200-ppm  maximum  allowed  by  which  appear  to  promote  reaction  at  these  tampera- 

speclflcatlons  for  tola  material.  Band  teats  wart  tores  include  a  clean  surface,  stress,  high-purity 

also  performed  on  samples  out  from  these  two  tanks  gas,  too  presence  of  beta-pkaso  in  too  alley,  an 

and  tasted  to  examine  toe  Inner  tank  surface  eclculet  micro  structure,  end,  of  course.  Increased 

ductility.  The  results  showed  all  samples  net  temperature  end  pressure, 

the  minimum  sneolfled  8T  bend  and  did  nut  "other¬ 
wise  Indicate  embrittlement" . 
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TABLE  42.  HYDROGEN  EXPOSURE  OF  Ti-5Al-2.5Sn  (ELI) 
ALLOY  DURING  QUALIFICATION  TESTS(56) 


Tank  A 

Tank  B 

Age 

150  hr  at  -423  to 

150  hr  at  -423  to 

-300  F ,  300  psia 

-300  F,  300  psia 

Servicing 

150  hr  at  -423  to 

100  hr  at  -423  to 

-300  F,  0  to 

300  psia 

70  F,  14.7  psia 

Vibration 

150  hr  at  -423  to 

100  hr  at  -423  to 

-300  F,  0  to 

-300  F,  0  to  300 

300  psia 

psia 

Operation 

468  hr  at  -423  to 

206  hr  at  -423  to 

-300  F,  210  to 

-300  F,  210  to 

300  psia 

300  psia 

Total 

918  hr 

556  hr 

Previous  work  has  shown  that  titanium  will 
react  with  gaseous  hydrogen  at  ambient  temperature 
under  certain  conditions.  Gibb  and  Kruschwitz 
found  that  titanium  reacted  rapidly  with  hydrogen 
at  70  F  if  hiqh-purity  gas  was  in  contact  with 
clean  metal. (®4;  In  this  work,  iodide  titanium 
was  precleaned  by  heating  In  vacuum  at  183C  F  to 
adsorb  any  surface  films.  These  authors  also  re¬ 
ported  that  traces  of  oxygen  or  nitrogen,  and 
possibly  other  gases,  in  the  hydrogen  greatly  re¬ 
tarded  the  reaction  rate.  Similar  conclusions 


were  reported  by  Stout  and  Gibbons  in  their  studies 
of  the  use  of  titanium  as  a  getter. (63)  In  their 


work,  also,  it  was  found  that  a  small  layer  of  sur¬ 
face  oxide  effectively  blocked  the  reaction.  Stout 
and  Gibbons  precleaned  their  material  by  annealing 
in  vacuum  at  2100  F.  Both  of  these  studies  in¬ 
volved  hydrogen  pressure  of  less  than  1  atmosphere. 


Later  work  by  Hughes  and  Lamb-'rnl  64)  showed 
that  hydrogen  contamination  does  not  occur  when 
titanium  is  exposed  to  moisture  below  about  1100  F. 
This  was  attributed  either  to  suppression  of  the 
breakdown  of  water  by  titanium  below  this  tempera¬ 
ture  or  to  the  formation  of  a  protective  oxide, 
or  oxygen-rich  surface  layer,  at  low  temperature. 
The  latter  >  xplahation  la  favored  by  the  observa¬ 
tion  that  an  oxide  scale  or  oxygen-rich  surfaea 
layer  retards  hydrogen  pickup  by  titanium.'®5/ 


Alloy  composition  affects  the  reaction  be¬ 
tween  titanium  and  hydrogen,  as  would  be  anticipated, 
in  view  of  the  greater  solubility  and  diffusion  rate 
of  hydrogen  in  beta  titanium  than  in  alpha  titanium. 
Savage  found  significant  enaction  at  210  F  between 
Tl-4Al-4Mn  alloy  and  hydrogen  at  2-atm i  pressure 
but  little  reaction  with  Tt-5M-2.9Sn.i®°)  No 
special  techniques  were  used  in  this  study  to  clean 
either  the  alloys  or  the  gas.  Stressed  samples  ap¬ 
peared  to  react  more  rapidly  than  unstressed 
samples.  In  a  ttudy  of  acid  pickling  of  titanium, 
McKlnsay,  Stern,  and  Perkins,'5)  found  that  un¬ 
alloyed  titanium  formed  surface  hydrides  which  ware 
reasonably  t table  at  TO  F.  Small  amounts  of  beta 
in  alpha  titanium  tended  to  cause  Increased  ab¬ 
sorption  of  the  hydrogen  in  the  metei.  This  was 
particularly  noticeable  when  the  material  was  hast 
treated  so  as  to  produce  an  aeiculer  structure. 

For  example,  a  Ti-Pa  alloy  containing  only  2  per¬ 
cent  retained  beta  absorbed  twice  as  much  hydrogen 
as  unalloyed  titanium  when  heat  treated  to  give  an 
equlaxed  alpha  structure,  end  over  three  times  as 


TABLE  43. 


YSIS  OF  EXPOSED  Ti-5Al-2.5Sn  ELI 


Identification 

Hydrogen  Content, 
ppm 

Tank  A  (918  hr) 

1st  half 

60 

2nd  half 

64 

Weld  bead 

84 

Tank  B  (556  hr) 

1st  half 

58 

2nd  half 

66 

Weld  bead 

92 

Requirement 

200  max 

much  hydrogen  when  heat  treated  to  produce  a  coarse 
acicular  structure.  Much  of  the  hydrogen  was  pre¬ 
sent  as  surface  hydrides  in  all  cases. 


In  the  period  of  July,  1962,  to  July,  1963, 
General  Dynamics/Convair  (formerly  Astronautics) 
undertook  a  study  to  select  and  evaluate  optimum 
materials  for  application  in  liquid  hydrogen-liquid 
oxygen  fueled,  recoverable  aerospace  vehicles.  A 
part  of  this  study  was  concerned  with  a  determina¬ 
tion  of  the  effects  of  hydrogen  exposures  at  ele¬ 
vated  temperatures  on  the  mechanical  properties  of 
the  Ti-5Al-2.5Sn  ELI  alloy.  The  results  of  this 
study  are  detailed  in  Reference  61  and  are  summarized 
in  the  conclusions  to  that  study  which  are  quoted 
as  foliowtt 


"Long-time  (100-hour)  thermal  exposures  at 
400,  600,  and  800  F  In  various  pressure  of  hydrogen 


gas  resulted  in  significant  decreases  In  notched 
tensile  strength  and  crack-propagation  properties 
at  -423  F.  However,  e  more  severe  exposure  occurred 
as  a  result  of  applying  a  mechanical  load  during 
thermal  exposures  at  600  F  In  various  pressures 
of  hydrogsn  gas.  The  application  of  the  load 
caussd  failure  in  nearly  half  of  the  notched  tensile 
specimens  during  exposure.  The  poor  creep-rupture 
life  during  600  F  exposure  and  toe  decrease  in 
toughness  resulting  from  these  exposures  is  believed 
to  be  due  to  hydrogen  absorption.  Mlcrostructural 
studies  substantiated  this  deficiency  by  showing 
the  formation  of  large  numbers  of  titanium  hydride 
platelets.  The  decrease  in  toughness  end  toe  poor 
creep-rupture  life  caused  by  exposure  to  hydrogen 
gu  is  felt  to  be  •  serious  problem.  For  this 
reason  it  it  recommended  that  additional  studies  be 
performed  to  more  accurately  define  toe  effect*  of 
hydrogen  expesurss  on  toe  Tl-5Al-2.5Sn  ELI  alloy 
bofore  it  ie  ueod  structurally  in  an  elevated- 
tempera  turs  hydrogen  environment." 


The  above  experiences  were  later  recheckedt52' 
with  additional'  79  end  -423  F  tests  on  shoots  of 
the  ?l-9Al-2.98n  ELI  alloy.  A  t-tal  of  more  than 
*00  specimen*  wax*  exposed  under  conditions  whoro 
comparator**  ranged  from  300  to  800  Ft  applied  load* 
rang*5  from  0  to  90,000  pslt  gas  pressures  ranged 
from  1  to  15  pslg  of  hydrogen,  hydrogen-helium, 
and  hydrogen-holluta-wator  vapor  mixtures)  and  times 
rangad  from  9  to  64  hours.  Tht  tost  specimens 
included  tensile,  notched  tensile,  and  fuslofr-weld 
tonsil*  specimens  which  were  tested  at  79  and  -423  F 
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after  exposure.  Three  heats  of  the  Ti-5Al-2.5Sn 
ELI  alloy  in  four  gages  (0.006,  0.013,  0.017,  and 
0.032  inch)  were  evaluated.  The  hydrogen  gas  used 
contained  1.5  percent  nitrogen,  0.13  percent  oxygen, 
8  ppm  water,  and  the  balance  hydrogen.  The  results 
of  this  later  study  are  quoted  in  summary  as 
follows) 

"The  mos°t  significant  result  of  this  investi¬ 
gation  is  that  there  was  little  or  no  effect  of  the 
hydrogen  exposures  on  the  mechanical  properties  of 
the  Ti-5Al-2.5Sn  ELI  alloy.  This  is  true  regardless 
of  heat  number,  sheet  thickness,  or  exposure  condi¬ 
tion  (i.e.,  temperature  from  200  to  800  F,  applied 
loads  irom  0  to  o0,000  psi,  exposure  times  from  5 
to  64  hours,  gas  pressures  from  1.0  to  15.0  psig, 
and  various  gas  exposures  including  pure  hydrogen 
and  hydrogen-helium  or  hydrogen-helium-water-vapor 
mixtures).  In  the  previous  study  (Reference  61), 
there  were  significant  decreases  in  strength 
properties  as  a  result  of  hydrogen  exposures  at 
elevated  temperatures  (at  400  ,  600,  and  800  F) . 

For  example,  notched  tensile  strengths  at  -423  F 
decreased  from  10  to  20  percent,  depending  upon 
exposure  conditions,  as  a  result  of  the  hydrogen 
exposures.  In  this  investigation  the  largest 
effects  ranged  from  a  6  percent  increase  (In  room 
temperature  tensile  strength)  to  a  5  percent  de¬ 
crease  (in  notched  tensile  strength  at  423  F  after 
an  800  F  exposure).  These  differences  are  very 
nearly  within  the  margin  of  testing  error  ( based 
on  an  average  obtained  from  three  replicate  speci¬ 
mens)  .  It  is  therefore  concluded  that  there  was 
little  or  no  effect  of  hydrogen  exposures  on  the 
mechanical  properties  of  the  Ti-5Al-2.5Sn  ELI 
sheet  material." 

These  results  were  obviously  not  consistent 
with  those  of  the  previous  program  described 
earlier.! Because  of  these  inconsistencies, 
the  more  recent  study! 62)  concluded  with  the  sug¬ 
gestion  that  additional  test  data  be  obtained  to 
substantiate  or  negate  the  data  that  were  obtained. 

In  the  opinion  of  CHIC,  it  appears  possible 
that  the  differences  In  results  from  these  two 
programs  may  be  due  to  differences  in  the  purity 
cf  the  hydrogen  gas  used.  Unfortunately,  no 
analyses  were  reported  for  the  gat  used  in  the 
initial  work,  although  ample  evidence  was  re¬ 
ported  that  the  hydrogen  had,  under  certain 
exposure  conditions,  reacted  with  the  titanium 
alloy.  On  the  other  hand,  the  hydrogen  used  in 
the  follow-up  work  was  relatively  impure  and,  in 
fact,  may  have  contained  sufficient  impurities 
to  completely  suppress  reaction  with  the  titanium 
alloy.  At  any  rate,  these  experiences  point  up 
the  need  for  special  precautions  in  both  securing 
a  source  of  high-purity  hydrogen  and  maintaining 
a  clean  metal  surface  in  order  to  quantitatively 
assess  the  extent  of  titan!  ut-iiydrogen  reactions 
et  lew  pressures  and  temperatures. 

Along  similar  lines,  WIC  has  also  received 
a  report  of  sporadic  surface  hydride  formation 
and  occasional  embrittlement  in  tubing  of  unalloyed 
(Grade  A40)  and  the  Ti-5Al-2.58n  8LX  alloy  exposed 
to  gaseous  hydrogen  at  temperatures  to  14b  f  and  ,  , 
pressures  to  900  psi  for  times  of  8  to  290  hours.!**) 
Here,  the  hydriding  reaction  appeared  to  occur 
most  rapidly  in  the  heat-affected  rones  of  welds  in 
these  tubing  materials  and  was  greatly  accelerated 


in  welds  which  had  been  contaminated  during  welding 
This  reaction  also  tended  t.o  occur  more  readily 
with  the  unalloyed  titanium  than  with  the  T1-5A1- 
2.5Sn  ELI  alloy. 

In  view  of  these  experiences,  it  is  recom¬ 
mended  that  the  use  of  titanium  in  contact  with 
pressurized  hydrogen  gas  at  ambient  temperatures 
be  examined  quite  carefully. 

Permeability 

The  permeability  of, titanium  to  hydrogen  has 
been  estimated  at  elevated  temperature,! 67)  (see 
Table  44).  At  temperatures  of  500  to  800  F,  the 
absorption  of  hydrogen  can  become  appreciable  and 
embrittlement  would  normally  be  expected.  These 
numbers  are  only  estimates,  since  the  actual  dif¬ 
fusion  of  hydrogen  into  the  metal  is  dependent  on 
the  permeability  of  the  surface  films  as  well  as 
a  number  of  other  factors  noted  in  the  preceding 
section  of  this  memorandum. 

TABLE  44.  CALCULATED  PERMEATION  INTO  A  VACUUM  OF 
0.040-INCH-THICK  METAL  TO  HYDROGEN  AT 
ONE  ATMOSPHERE(  67) 


Material 

Tempera¬ 

ture, 

F 

Permeability 

Constant, 

P(2) 

Hydrogen  Loss 
J,  cc/cm2-sec 

Palladium 

000 

8.4  x  10~3 

6.3  x  10-1 

Titanium 

800 

— 

2.3  x  10*2 

Iron 

800 

1-8  x  10-6 

1.4  x  10-4 

Nickel 

800 

1.0  x  10-6 

7.6  x  10-5 

Copper 

800 

1.6  x  10-8 

1.2  x  10-6 

Aluminum 

800 

1.0  x  10-9 

7.6  x  10-8 

Titanium 

500 

— 

6.0  x  10-5 

Titanium 

100 

— 

4.5  x  10-12 

Note  i 


the  extrapolated  data  for  the  diffusion  co- 


t 


69) 


efficient  froai  Albrecht  and  Mallett 
the  hydrogen  solubil 
WIC)  Report  100,170 

through  titanium  can  be  calculated.  Thus, 
the  permeation  of  hydrogen  through 

alpha  tltanlua  would  be 


and 


ity  reported  in  7ML  (now 
'  the  hydrogen  permeation 


HVcmS-ssc  at  100  F 
'cm2- sec  at  500  F 
2/cm2-sec  at  000  F. 


4.5  x  10“12  cc 

6  x  10-4  ce  Ho/W-sec  at  500  F 
2.3  x  10"2  cc  H< 


Other 

Titanium  la  resistant  to  hydrogen  sulfide 
and  sulfur  dioxide.! * »7'  Corrosion  rates  of  less 
than  5  mpy  are  reported.! D  In  a  recent  applica¬ 
tion,  a  titanium  cooling  tower  was  constructed  for 
cleaning  and  cooling  sulfur  dioxide  and  sulfur 
triohide  gases.!') 

Titanium  panels  exposed  above  a  Naval  Station 
boiler  stack  showed  no  attack  at  572  F  In  a  mixture 
of  hydrogen,  carbon  monoxide,  and  carbon  dioxide.!*) 

Titanium  is  considered  resistant  to  ammonia 
and  finds  use  in  ammonia  stills  for  the  Solvay 
soda  ash  process! 51)  and  somonis  synthesis  com¬ 
pressors.!  w) 
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A  recent  evaluation  of  descaling  procedures 
for  titanium  has  been  Reported.!7 D  Both  acid 
solutions  and  fused  alkali  baths  have  been  studied 
in  an  attempt  to  eliminate  the  use  of  hydrofluoric 
acid  solutions.  The  results  are  summarized  in 
Table  46.  The  effectiveness  of  etching  mill  scale 
from  titanium  in  the  acid  etchants  was  found  to  be 
dependent  on  the  oxidation  temperature.  The  scale 
that  forms  at  1470  to  1560  F  is  much  denser  and 
more  chemically  resistant  to  acid.  It  is  difficult 
to  detach  the  scale  satisfactorily  without  over- 
pickling  the  metal  Itself.  The  scale  that  forms 
above  1830  F  is  removed  easily  in  acid  solutions. 


TABLE  45.  DESCALING  OF  TITAMIUM(7l> 


M«dlun 

Exposure, 

min 

Tempera¬ 

ture, 

F 

Metal  Lost  by 
OverpicMing, 
g/meter2 

15*  H2SO4  -  3*  NaF 

30 

104 

240 

l«t  HCl  *  3*  NaF 

25 

86 

270 

ffill  HNOo  +  3*  NaF 

35 

104 

255 

Fused  Ham 

15 

806 

12.7 

Fused  80*  NaOH  +  20*  N*N03 

25 

932 

44.8 

The  alkali  melts  were  found  to  satisfactorily 
pickle  titanium  without  excessive  overpickling 
(metal  loss).  Sodium  hydroxide  was  especially 
effective.  A  "finish"  pickle  consisting  of  washing 
in  hot  15  percent  H2SO4  is  recommended. 

\ 

OOBHOSIOH  Hi  ORGANIC  flMEgHS 
Food 

Titanium  performs  well  in  certain  trouble¬ 
some,  food  processing  areas,  for  example,  pickels, 
catsup,  and  other  tomato  products,  pineapple  juice, 
relishes,  and  onion  soup.!®)  Food  also  has  less 
tendency  to  stick  to  titanium  than  to  other  metals. 

MtttlYl  Alcohol  StthtUmi 
Qffltril  CMoraitatt 

Studies  have  shown  that  solutions  of  methyl 
alcohol  with  additions  of  bromine  are  extremely 
corrosive  to  titanium  and  titanium  alloys.! 72; 
Corrosion  data  are  presented  in  Table  46.  Severe 
Intergranular  attack  of  titanium  was  also  observed 
in  the  dilute  bromine  solution.  As  a  measure  of 
the  susceptibility  to  localised  attack,  a  "tendency” 
to  Intergranular  attack  was  calculated  as  the  in¬ 
crease  in  ohmic  resistance  divided  by  the  weight 
loss  of  the  specimen.  As  shown  in  Table  46,  unal¬ 
loyed  titanium  has  a  high  tendency  to  intergranular 
attack  in  1  percent  bromine.  This  tendency  de¬ 
creases  with  higher  bromine  content,  as  the  cor¬ 
rosion  rate  Increases. 

The  corrosion  rate  of  titanium  is  substanti¬ 
ally  lowered  by  additions  of  water  to  methyl 
alcohol-bromine  solutions.  See  Table  47.  flth  the 
first  additions  of  water,  the  severity  of  inter¬ 
granular  attack  Increases,  and  reaches  a  maximum 
at  5  percent  water.  This  tendency  to  localised 
attack  then  decreases  with  further  water  additions 
and  becomes  nil  at  90  percent  water. 


TABLE  46.  CORROSION  OF  SEVERAL  RUSSIAN  ALLOYS  IN 
METHYL  ALOOHOL-BROMINE  SOLUTIONS'. 72 ^ 


Corrosion,  mpy,  for  Bromine 
Content  Indicated,  percent 


AllovU) 

1 

2 

3 

4 

5 

VT1  (unalloyed  grade) 

180 

290 

480 

650 

810 

VT5  (5A1) 

130 

220 

320 

410 

530 

VT3  (4.7Al-2.5Cr) 

70 

140 

210 

280 

360 

VT3-1  (4.4Al-2Cr-lMo) 

65 

120 

140 

190 

•• 

Iodide  titanium 

70 

140 

180 

240 

290 

Tn+®Trrrannlar  Attack. 

Tendency! b) 

VT1 

19 

11 

5 

4 

3 

(a)  Iodide,  VT1  and  VT5  are  alpha  alloys.  VT3  and 
VT3-1  are  alpha-beta  alloys. 

(b)  Increase  in  ohmic  resistance  divided  by  weight 


loss  of  the  specimen. 

TABLE  47.  EFFECT  OF  HATER  ON  OORROSION  OF  VT1 

UNALLOYED  TITANIUM  IN  METHYL  ALCOHOL-2 
PERCENT  BROMINE  SOLUTIONS! 72) 


Water,  percent 

0  2.5  5  10  20  30 

Corrosion,  mils  ner  year 

290  250  210  80  50  Nil 

Tnturaranuiar  Attack,  tendency!  »)- 
11  28  55  17  5  Nil 

(a)  Increase  in  ohmic  resistance  divided  by  weight 
loss  of  the  specimen. 

The  attack  of  titanium  in  methyl  alcohol- 
bromine  solutions  is  electrochemical  in  nature. 
Protection  of  titanium  in  water-free  solutions 
can  be  accos^llshed  by  cathodic  polarization  to 
about  0.350  volt. 

Stress  Corrosion  Cricking! «) 

Titanium  (as  well  as  zirconium)  has  been 
found  to  suffer  stress-corrosion  cracking  in 
methanol  containing  HC1  or  HgSOa.!73)  U-bend 
specimens  were  exposed  to  various  concentrations 
of  HC1  or  H2904  in  methanol.  Cracking  of  titanium 
occurred  within  about  an  hour  in  methanol  with 
0.4  percent  HCl,  and  in  about  a  day  with  l  percent 
H29O4.  The  cracking  time  decreased  with  increasing 
concentration  of  HCl.  A  concentration  as  1cm  as 
0.005  percent  caused  cracking  within  24  hours. 

The  cracking  time  decreased  as  the  solution  tempera¬ 
ture  mas  raised. 

The  presence  of  water  in  the  methanol  -  0.4 
percent  Ha  solution  Increases  the  time  required 
for  failure.  With  an  addition  of  1.5  percent 
water,  no  failure  of  titanium  was  observed. 

(a)  As  this  memorandum  went  to  press,  preliminary 
data  were  received  by  EKXC  from  NASA  which 
showed  that  the  solutlon-treated-and-eged 
TI-6A1-4 V  alloy  la  susceptible  to  acme  foam  of 
stress-corrosion  cracking  in  reagent  grade 
methanol.  Details  of  these  experiences  will  be 
summarized  in  a  forthcoming  CHIC  technical  note. 


When  the  titanium  U-bend  specimens  were  an¬ 
nealed  at  930  F  for  10  minutes  or  at  840  F  for  1 
hour,  no  stress-corrosion  cracking  was  found  in  the 
HC1  solution.  w3) 


Titanium  performs  well  in  many  organic 
chemicals.  See  Reference  1  or  2  for  further  dis¬ 
cussion.  Organic  compounds  which  do  attack  ti¬ 
tanium  are  usually  moderately  strong  reducing 
agents,  such  as  formic  or  oxalic  acids.  Titanium 
is  generally  resistant  to  other  organic  acids 
( see  Table  48) . 

In  formic  acid,  titanium  has  borderline 
passivity  in  solutions  of  more  than  10  percent 
acid.  If  aeration  is  maintained,  it  may  be  re¬ 
sistant  to  higher  concentrations  at  temperatures 
above  room  temperature.  Table  49  presents  cor¬ 
rosion  data  for  some  titanium  alloys.  The  addition 
of  0.15  percent  palladium  to  titanium  decreases 
its  corrosion  in  boiling  50  percent  formic  acid 
from  >50  to  <5  mils  per  year.'7) 


Titanium  can  be  anodically  protected  in 
boiling  deaerated  50  percent  formic  acid'7 
( see  Table  22) .  The  anodic  polarization  of  ti¬ 
tanium  at  high  voltages  up  to  50  volts  i s  described 
in  Reference  74.  A  form  of  localized  attack  de¬ 
scribed  as  "mlcropitting"  is  reported  at  concentra¬ 
tions  of  0.1  to  60  percent  formic  acid  to  104  F  at 
potentials  above  12  to  14  V.  Uniform  corrosion 
occurs  above  96.5  percent  acid.  A  passive  area  is 
reported  at  temperatures  above  120  F. 

Titanium  shows  poor  resistance  to  oxalic  acid. 
Data  on  certain  alloys  are  shown  in  Table  48.  The 
addition  of  50  percent  or  more  tantalum  to  titanium 
reduces  the  attack  of  1  percent  boiling  oxalic  acid 
from  a  very  high  rate  to  less  than  5  mpy.'30)  The 
addition  of  8,  16,  or  35  percent  columbium  to  a 
50  percent  titanium  alloy,  remainder  tantalum,  gave 
corrosion  rates  of  about  20  mpy  !n  boiling  1  per¬ 
cent  acid.W 

Anodic  polarization  of  titanium  is  reported 
in  25  percent  oxalic  add  at  194  F  to  boiling!7*3®) 
(see  Table  22). 


Titanium  is  used  commercially  in  several 
applications  Involving  organic  chemicals.  For 
example,  a  titanium  pump  Impeller  has  replacad 
Haste lloy  C  In  a  solution  of  3  percent  ethylene 
chlorohydrln  plus  6  percent  HC1  plus  slugs  of 
free  chlorine  at  140  F.  No  attack  mas  found  after 
4  years.'75'  In  the  production  of  acetaldehyde 
from  ethylene,  titanium  is  used  for  piping,  pumps, 
valves,  heat  exchangers.,  and  lines  for  vessels 
up  to  32  x  10  feet.!®3*®)  Titanium  is  also  used 
for  various  equipment  for  urea  synthesis.'®) 

A  titanium  impeller  on  a  tank  agitator  has  shown 
good  service  in  add  chlorobenzene  plus  ferric 
chloride.!®) 

Titanium  is  resistant  to  process  streams  in 
the  production  of  tall  oil.'7®)  Ixposure  in 
distillation  columns,  fractionating  towers,  and 
reboiler  vapor  nozzles  shorn  no  change  of  titanium 
specimens  after  up  to  5600  hours  of  teats.  Condi¬ 
tions  vary  from  vapors  of  93  percent  tali  oil 
fatty  acids  plus  4  to  5  percent  rosin  adds  at 
425  F  to  90  to  93  percent  llnolele-olele  adds 


plus  steam  at  475  F  with  velocity  of  62  feet  per 
second  and  to  tall  oil  vapor  with  75  to  80  percent 
rosin  at  510  F. 

Autoclave  tests  have  shown  that  polyphenyls 
used  as  heat-transfer  media  are  corrosive  at  700  F 
to  aluminum,  zirconium,  and  their  alloys,  and 
slightly  corrosive  to  mild  steel  and  tantalum. 

Only  stainless  steels  are  unattacked,  but  titanium, 
tungsten,  and  molybdenum  do  quite  well.'77) 

Many  organic  compounds  are  effectively  ad¬ 
sorbed  on  titanium  surfaces.'8)  In  this  manner, 
many  behave  as  corrosion  inhibitors;  for  example, 
ra-  and  p-nitroaniline,  p-nitrophenol,  2,4  dini- 
trcohenol,  nitrobenzene,  and  o-nitroanisole  are 
described  as  effective  inhibitors  for  titanium  in 
5N  H2SO4.  Nitrobenzene,  o-nitrotoluene,  ,1- 
ni trobutave,  o-nitrochlorobenzene,  p-nitrophenol, 
and  o-nltrophenol  are  effective  inhibitors  of 
titanium  in  HC1.  This  protection  is  probably  due 
to  a  monolayer  of  the  protective  organic  compound 
adsorbed  onto  the  titanium  or  outer  TiOj  surface. 


Limited  studies,  summarized  in  Table  10, 
indicated  that  the  application  of  stress  had  no 
effect  on  the  corrosion  behavior  of  the  T1-6A1-4V 
alloy  in  trichloroethylene,  cosmoline,  or  a  4 
percent  soluble  oil.'*®) 


Recent  experiences  have  shown  that  the  Tl- 
6A1-4V  alloy  is  susceptible  to  stress-corrosion 
cracking  in  scam  grades  of  nitrogen  tetroxide, 
Nw04.  Previously,  titanium  and  its  alloys  were 
believed  to  be  compatible  with  N3O4.  In  the 
absence  of  stress,  titanium  shows  almost  no 
corrosion,  in  liquid  or  gaseous  NjQ4  in  tests  to 
165  F.'7®)  Although  titanium  is  impact  sensitive 
at  high  impact  levels,'79)  no  propagation  of  the 
reaction  is  reported. 


The  first  reported  indication  of  stress- 
corrosion  failure  came  in  early  1965  when  a  pres¬ 
surized  TI-6A1-4V  (solution-treated  and  aged)  tank 
filled  with  liteijJfeOe  ruptured  at  Bell  Aero- 
systems  Company.'®®)  Failure  came  after  40  hours' 
exposure  at  105  F  and  a  stress  level  of  90,000  " 
pal.  Microscopic  examination  of  the  tank  dis¬ 
closed  a  considerable  number  of  cracks  which 
had  formed  in  all/erees  where  toe  stress  level  was 
above  40,000  p^t  > . 

Following  this  discovery,  NASA  instituted 
a  program  to  investigate  toe  failure.  A  literature 
survey  and  a  teat  program  gsing  tanks  and  test 
coupons  was  undertaken.  Over  20  aerospace  companies, 
government  agencies,  research  firms,  and  universi¬ 
ties  cooperated  in  this  study  which  was  coordinated 
by  The  Nall  Aero systems  Company  for  toe  National 
Aeronautics  and  Space  Atoinistration. 

Some  of  toe  tost  results  available  td  mid- 
March  of  1966,  are  aummarized  in  Tables  50  and  51. 

On  toe  beeis  of  these  and  other  studies,  the 
following  conclusions  can  be  made* 
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TABLE  48.  OORROSION  OF  TITANIUM  IN  ORGANIC  ACIDS^8) 


Organic  Acid 

Type 

Concentration. 

percent 

Tempera¬ 

ture, 

F 

Corrosion, 

mpy 

Acetic 

Red. 

5-99.5 

Boiling 

0  to  5 

Citric 

Red. -Complex. 

50 

Boiling 

5  to  50 

Formic  (aerated) 

Red. 

10,  25,  50,  90 

212 

0  to  5 

Formic 

Red. 

25  ,  50  ,  90 

Boiling 

>50 

( nonsera ted) 
Oxalic  (aerated) 

Red. -Complex. 

0.5,  1.5,  10,  25 

140 

>50 

Trichloroacetic 

— 

100 

212 

>50 

Tartaric 

Red. -Complex. 

10-50 

212 

0  to  5 

Stearic 

~ 

100 

356 

0  to  5 

TABLE  49.  OORROSION  OF  TITANIUM  ALLOTS  IN  FORMIC  AND  OXALIC  ACII>(28) 


Corrosion,  bpv 


Alloy  Formic  Oxalic  Formic  Oxalic  Formic  Oxalic 


Tl  (75  GHN)(«) 

R(b) 

_ 

R 

R 

_ 

Tl  (120  BKN) 

R 

38 

R 

52 

R 

1160 

Tl  180  BHN) 

R 

21 

R 

33 

R 

700 

Tl  (200  BHN) 

R 

14 

R 

33 

R 

800 

Tl-8Mn 

(anneeled) 

R 

48 

5 

83 

R 

590 

T1-6A1-4V 

(annealed) 

R 

42 

5 

43 

164 

1580 

T1-6A1-4V 

R 

26 

5 

62 

164 

980 

Tl-5Al-2.5Sn 

(annealed) 

R 

57 

R 

43 

R 

1880 

Tl-8Al-2Cb-lTa 

(annealed) 

R 

54 

R 

62 

R 

1420 

TI-2.5A1-16V 

(solution 

treated) 

R 

24 

R 

20 

50 

560 

TI-2.5A1-16V 

(•gad) 

R 

23 

R 

21 

50 

990 

Tl-lAl-8¥-5Fe 

(annealed) 

R 

22 

R 

19 

R 

580 

Tl-lAl-8V-5Fe 

(•gad) 

R 

34 

R 

40 

R 

1040 

T1-3A1-2.5V 

(annealed) 

R 

23 

R 

25 

R 

1030 

(a)  MM  ■  Irina 11  Hudntu  Number. 

(b)  R  *  complete  mlitinc*. 
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TABLE  50.  TESTS  IN  TANKS  PRESSURIZED  TO  250  PSIG,  EQUIVALENT  WALL  STRESS  OF 
90,000  PSl(80) 


Tanks 

Propellant 

Tempera¬ 

ture, 

F 

Time  to  Failure 

(1)  T1-6A1-4V 

Red^8)  N2O4 

85 

200  hours 

(2)  TI-6A1-4V 

Red(a)  N^O. 

90  ±  88 

51  to  192  hours 

(3)  T1-6A1-4V 

Red(a)  N2O4 

105 

14  to  127  hours 

(4)  T1-6A1-4V 

Red(a)  N2O4 

160 

6  to  12  hours 

(5)  T1-6A1-4V 

Red(a)  N0O4 

105 

23  days 

Teflon  bladder 

(6)  T1-6A1-4V 

Red(a)  N2O4 

105 

None  after  30  days 

(shot  peened) 

(7)  T1-6A1-4V 

GreemW  H2O4  ♦ 

1#  NO 

160 

None  after  30  days 

(8)  T1-6A1-4V 

Green(b)  N2O4  ♦ 

0.3#  NO  +  0.8#  Cl 

None  after  30  days 

(a)  "Red"  N2O4  is  conventionally  prepared  by  bubbling  oxygen  through  "green"  N2O4. 
See  Table  52  for  specifications. 

(b)  "Green”  N2O4  contains  some  NO.  The  composition  of  currently  approved  MSC- 
PPD-2  grade  is  given  in  Table  52. 


TABLE  51.  TESTS  OF  SPECIMENS^ 8°) 


Specimen^ •)  • 

Propellant 

Tempera¬ 

ture, 

F 

Tiaie  to  Failure 

(1)  Stressed 

Bed  »W>4 

N2O4+  NO 
(0.1  to  1.7J© 

165 

90  hours  or  less 

(2)  Stressed 

165 

No  failure  in  120  hours 

(3)  Stressed 

N9O4  a-  HjP 
(0.2  to  1.1» 

165 

No  failure  In  120  hours 

(4)  Stressed 

N2O4  +  FNA 
(25#  HjO) 

165 

Nc  failure  in  120  hours 

(a)  Stress  varied  from  90  ksl  to  140  ksi. 


TABU  52.  COMPOSITION  OF  N^  •)(«>) 


Bl_»t 

Requirements  of 

M1L+-266 39  A _ 

Bequireaenta  of 
NASA  MSC-PPD-2 

%o4 

HgO  (aa  HNDg) 

Cl  (aa  NOClJ 

NO 

Particulate  matter 

99.5  minimum 

0.1  maximum 

0.06  maximum 

10  mg/e  maximum 

99.5  minimum 

0.1  maximum* 
0.08  maximum 
0.6  *  0.20 

10  mg/e  maximum 

(•) 


(Sills  tbs  WC-PPD-2  grads  "grssn" .  These  designations  arias  fro*  ths  color 
differencea  In  various  grades  of  Mg O4  at  0  C.  Thus,  at  0  C,  N0O4  of  the 
lttO-PFD-2  grads  la  bluish-yellow  or  grssn  (dills  IM),  containing  no  measurable 
NO  content  la  yellowish  or  straw  colored,  l.e.,  "red*  or  "whits"  In  conarl- 
son  to  ths  NSC-PFD-2  grads.  At  rocw  tewperature,  all  grades  of  N0O4  (In¬ 
cluding  ths  N1L-P-26529A  and  MSC-PPO-2)  are  reddish-brown  In  coin. 
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(1)  Stress-corrgsion  cracking  will  usually 
occur  in  N2O4  when  no  significant  or 
measurable  amounts  of  NO  are  present 
and  the  system  is  exposed  to  moderately 
high  stresses  at  temperatures  in  the 
range  of  85  F  to  165  F. 

(2)  Stress-corrosion  cracking  does  not  occur 
in  NjO^  when  the  N^04  contains  an  excess 
of  NO. 

(3)  NO  and  02  are  mutually  incompatible,  i.e., 
both  cannot  exist  at  the  same  time  in 
NjO^.  The  following  reaction  is  believed 
to  occur  1 

2ND  ♦  C2  - >  2N0=. 

(4)  The  commercial  and  military  specifications 
to  which  N^04  is  processed  do  net  control 
either  its  02  or  NO  content.  As  a  result 
of  this  work,  NASA  has  developed  a  speci¬ 
fication  for  N204  which  controls  the  NO 
content  ( see  Table  52) . 

(5)  Stress-corrosion  cracking  in  "red"  N^04 
shows  a  time-temperature  dependence  as 
Indicated  in  Table  50. 

(6)  A  Teflon  bladder  is  used  in  some  of  these 
tanks  to  contain  the  N204.  The  Teflon 
acts  as  a  barrier  but  is  permeable,  in 
time,  to  N4O4.  On  occasion,  tanks  con¬ 
taining  Teflon  bladders  filled  with  red 
NW04  have  failed  after  extended  periods 
of  time  ( see  Test  5  in  Table  50),  and 
these  have  shown  the  same  type  of  failure 
as  where  no  bladder  was  used. 

(7)  Shot  peening  the  inside  surface  of  a  tank 
so  that  there  is  no  tensile  stress  on 
the  Inside  diameter  surface  of  the  tank 
shell  when  in  NjOa  service  reduces  the 
probability  of  stress-corrosion  cracking, 

(8)  All  tests  to  date  have  shown  complete 
Inhibition  of  stress-corrosion  cracking 

of  titanium  In  "green"  N3O4  (see  Table  52) . 

(9)  Chloride  addition  as  N0C1  to  "green"  NjOa 
up  to  the  specification  limit  of  0.08 
percent  apparently  does  not  initiate  stress- 
corrosion  cracking  (see  Test  8,  Table  50). 

(10)  further  work  has  Indicated  teat  additions 
of  sufficient  mater  to  red  MgPa  will  eli¬ 
minate  the  stress-corrosion  cracking  of 
titanium.  (This,  In  effect,  adds  NO  and 
eliminates  free  oxygen  since  mater  forms 
nitric  acid  and  NO  In  NgjOa.) 

Other  mork  has  shown  teat  the  primary  cause 
of  cracking  is  not  related  In  any  way  to  any 
titanium-processing  operation.  All  normally 
accepted  cleaning,  heat  treating,  aging,  welding, 
descaling,  and  handling  techniques  used  for  titan¬ 
ium  have  been  checked.  The  stress-corrosion 
cracking  susceptibility  mas  not  affected  by  any 
variation  in  these  processes. 

The  crack  propagation  behavior  of  titanium 
in  red  Mjpa  as  compared  with  that  for  other 
environments  was  investigated  In  studies  at 
Battalia  for  DMlC.(*w  these  teste  mere  performed 


using  a  prefatigue-cracked  specimen  loaded  dynami¬ 
cally  under  3-point  loading  in  an  autoclave  with 
a  technique  similar  to  that  used  In  seav<ater  tests 
as  discussed  by  Brown. 1®*)  Briefly,  the  specimens 
are  step-loaded  to  a  higher  stress  level  every  4 
to  8  minutes  until  failure  occurs.  The  strtss 
level  is  measured  by  the  stress-intensity  factor, 

K,  in  ksi  /inch,  assuming  conditions  of  piano 
strain. 

In  air,  step-loading  resulted  in  failure  at 
70  ksi  /inch.  Similar  results  were  found  using  the 
same  techniques  with  red  N2p4.  However,  when  a 
specimen  was  step-loaded  to  just  below  the  air 
value,  and  held  for  several  days  in  red  8^4, 
stress  cracks  formed  throughout  the  specimen  and 
failure  of  the  specimen  occurred  after  12  days  at 
127  F.  During  the  experiment,  relaxation  of  the 
stress  was  noted,  indicating  slow  propagation  of  a 
crack,  and  the  stress  level  had  to  be  adjusted 
throughout  the  exposure  period. 

These  results  show  that  the  rate  of  propaga¬ 
tion  of  stress  cracks  is  quite  slow  in  N204  as 
compared  with  seawater.  Time  of  exposure  to  the 
environment  is,  therefore,  a  much  greater  factor 
than  it  is  in  salt  water,  for  example,  where  stress- 
corrosion  failure  can  occur  in  a  few  minutes  for 
some  titanium  alloys.  Thus,  the  experimental  pro¬ 
cedure  must  be  modified  to  evaluate  stress- 
corrosion  cracking  in  red  N^04  by  the  precracked 
specimen  method. 

In  other  short-term  studies  using  precracked 
specimens,  additions  of  0.5  percent  water  (forming 
nitric  acid  and  NO)  and  0.25  percent  concentrated 
hydrochloric  acid  (adding  chlorides  and  water) 
were  made  to  N2O4.  The  resulta  again  were  similar 
to  those  In  air. 

Although  the  mechanism  of  strese-conoslon 
cracking  of  titanium  In  NjP4  is  not  fully  under¬ 
stood,  It  Is  apparent  teat  oxygen  activity  plays 
an  important  role,  and  that  additions  of  NO  inhibit 
tee  attack.  It  has  bean  suggested  that  stress- 
corrosion  cracking  occurs  on  tee  titanium  surface 
at  coarse  slip  lines  where  the  oxide  film  is  not 
protective,  or  is  easily  ruptured,  auch  aa  by 
local  cretp.  This  would  account  for  tha  network 
of  cracks  associated  with  the  failures,  Tha  NO 
addition  could  prevent  this  attack  by  rtmovlng  the 
active  oxygen  and/or  absorbing  on  the  surface  as  a 
protective  film.  Chlorides  have  been  suggested  as 
e  possible  cause,  since  they  are  often  associated 
with  cracking.  However,  no  proof  of  their  contri¬ 
bution  to  the  mechanism  of  cracking  has  been  found. 
Nork  la  continuing  In  those  areas. 

Further  work  la  alto  indicated  In  the  deter¬ 
mination  of  what  other  alloys  of  titanium  are 
susceptible,  and  on  tea  character  of  tea  matal 
surface  before  and  after  exposure  to  h/>4. 


Xn  an  effort  to  oxplaln  tee  observed  stress- 
corros ion-crack  log  failures,  a  limited  study  mas 
undertaken  by  0N1C  to  collect  and  examine  themo- 
chamieal  data  concerning  tee  possible  reactions 
teat  night  bt  expected  to  occur  between  the  Tl- 
6A1-4V  alley  and  tha  aval labia  grades  of  N5O4. 

•  This  section  of  this  memorandum  was  prepared  by 
Dr.  J.  J.  Nerd,  Fellow  in  tee  Materials  Thermo¬ 
dynamics  Division,  lattelie  Memorial  Institute. 
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In  brief,  this  study  entailed  the  collection 
and/or  estimation  of  the  standard  heat  of  forma¬ 
tion  and  standard  free  energy  of  formation  for  37 
compounds  representing  possible  reactants  or  re¬ 
action  products.  These  were  then  used  to  calculate 
the  standard  heat  of  reaction,  AH°R,  and  standard 
free  erergy  of  reaction,  AF°r,  that  could  possibly 
cause  failure  of  titanium  in  N2O4  at  both  77  and 
260  F.  Fifty -three  reactions  were  postulated  in 
which  elemental  titanium,  aluminum,  and  vanadium 
were  reacted  with  N^,  NO,  N02,  N0C1,  and/or  mix¬ 
tures  of  N2O4  with  these  impurities.  Also,  25 
reactions  were  postulated  in  which  TiO,  T^,  and 
TiN  were  reacted  with  N2O4  and  these  same  impuri¬ 
ties.  All  of  these  basic  data  ana  the  reactions 
considered  are  given  in  Appendix  A. 

One  obvious  intent  of  this  study  was  to 
determine  what  compounds  of  titanium  could  form 
that  might  be  protective.  Unfortunately,  the 
results  were  almost  completely  negative.  Thus, 
the  thermodynamic  indications  were  that  virtually 
all  of  the  78  postulated  reactions  could  occur  and 
none  of  these  offered  any  clues  to  support  the  ex¬ 
perimental  observations  as  to  why  an  excess  of  NO 
suppresses  the  stress-corrosion  reaction  or  why 
an  excess  of  oxygen  promotes  this  reaction. 

Further,  in  all  of  these  78  reactions,  the 
thermodynamics  are  relatively  unchanged  over  the 
temperature  range  of  77  to  260  F.  As  pointed  out 
earlier,  however,  a  strong  temperature  dependence 
has  been  observed  in  the  stress-corrosion  behavior 
of  the  TI-6A1-4V  alloy  in  red  between  85  and 
165  F.  These  differences  between  thermochemical 
prediction  and  experimental  observation  strongly 
suggest,  therefore,  that  a  reaction  rate  or  mechan¬ 
ism  is  the  cause  of  this  reaction  rather  than  a 
change  in  the  thermodynamics  of  reaction  over  the 
temper! ture  range  of  interest. 

No  thermodynamic  data  could  be  found  for 
possible  ions  in  nitrogen  tetroxide  as  a  solvent. 
The  thermochemical  data  for  aqueous  solutions  do 
not  apply  to  ionic  reactions  in  Np04  ( 1) ,  of 
course.  The  dielectric  constants  of  Ng04  (1), 
compared  with  liquid  benxene,  NH3  and  HgO  as  shown 
in  Table  S3  indicate  that  ionic  reactions  in 
NgQq  (1)  are  unlikely.  This  observation  minimises 
ionic  reactions  or  electrochemical  action  at  a 
cause  for  tank  failure  by  stress-corrosion  cracking. 


TABU  53. 

DIELECTRIC  CONSTANTS  OF  LIQUID 
SEVERAL  OTHER  LIQUIDS!  83) 

Ns04  AND 

Compound 

Dielectric  Constant  Temperature, 

a  (a  vacuum"1)  C 

n^4U) 

2.3 

13 

Benzene(l) 
Ammonia! 1) 

2.284 

25 

16.9 

25 

NeterU) 

78.54 

25 

flpMMBH  a  yam  mm 

Liquid  metals  are  encountered  in  three  types 
of  service!  alloying  and  melting  operations, 
chemical  operations  in  which  one  or  more  reactants 
are  liquid  metals,  and  as  a  high- tamper a ture,  heat- 
transfer  medium.  This  latter  use  is  becoming 


more  important  as  a  result  of  the  increasing 
interest  in  high- temperature  atomic-reactor  power 
systems.  Several  important  physical  properties  of 
liquid  metals  which  are  of  potential  use  as  reactor 
coolants  are  illustrated  in  Figure  5. 

Titanium  is  of  interest  as  a  construction 
material  for  liquid-metal  systems.  However, 
because  of  the  loss  of  mechanical  properties  and 
poor  corrosion  resistance  to  a  number  of  the  liquid 
metals,  the  present  use  of  titanium  and  its  alloys 
in  such  environments  is  restricted. 

The  following  paragraphs  briefly  describe  the 
behavior  of  titanium  in  some  of  these  media. 

Bismuth  -  lead  Alloy  ( 55.5Bl-44.5Pb) 

In  500  hour  tests  at  1200  F,  a  Tl~4Cr  alloy 
showed  excellent  resistance  to  the  55.5Bi-44.5Pb 
eutectic  alloy. Under  the  same  conditions  of 
exposure,  alloys  of  Ti-lSl  and  Ti-5Cu  showed 
moderate  and  poor  resistance,  respectively. 

Cadmium 

In  1956  and  1957,  experiences  confirmed  that 
both  the  Ti-4Al-4Nn  and  Ti-8Mn  alloys  were 
susceptible  to  stress-corrosion  cracking  by  molten 
cadmium,  l.e.,  at  temperatures  above  about  610  F. 
Details  of  these  experiences  have  been  summarized 
in  an  earlier  EMIC  report.'3*'  In  general,  it  Is 
believed  that  for  attack  to  occurs 

(1)  Fissures  must  exist  in  the  TIO2  surface 
so  that  unprotected  titanium  will  be 
exposed. 

• 

(2)  The  temperature  must  be  high  enough  to 
permit  the  cadalum  to  flow  into  the 
fissures. 

However,  no  stress-corrosion  cracking  it  antici¬ 
pated  when  using  eadhaium  in  contact  with  titanium 
btlow  610  F. 

Suim 

Although  general  corrosion  U  not  reported, 
liquid  cesium  appears  to  dagrade  the  physical 
properties  of  titanium.  For  example,  at  750  F, 
the  weight  changes  for  T1-6A1-4V  specimens  In 
either  a  titanium  or  type  347  stainless  steal 
container  were  from  +0.2  to  -0.8  mg/sq.  dec/day 
for  both  vepor  and  liquid  exposure  I'®®'  This  is 
a  penetration  rate  of  lass  than  0.2  mil  per  year. 
However,  after  exposure  to  liquid  cesium,  the 
ductility  of  unalloyed  titanium,  T1-30V,  TJ-6A1-4V. 
and  Ti-13V-ilCr-3Al,  as  meesuzed  by  bending,  la  ’ 
reduced  (tea  Table  54) . 

The  tensile  properties  of  titanium  are  also 
decreased  by,  exposure  tc  cesium  at  392  F  ee  shown 
in  Table  55.' Titanium  is  apparently  attacked 
more  in  the  vapor  than  in  the  liquid.  The 
reduction  in  tensile  properties  is  less  et  very 
slow  pull  rates. 

Tension-tension  fatigue  tests  in  liquid 
cesium  at  86  to  95  F  showed  essentially  no  adverse 
affect.  Spec  lawns  studied  included  sheet  speci¬ 
mens  of  unalloyed  titanium-  T1-6A1-4V,  and  TI-13V- 
ilCr-3Al,  as  wall  as  302  stainless  steal,  Kovsr, 
MlSpan-C,  1040  steel  and  molybdenum.'®'' 
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FIGURE  5.  SOME  IMPORTANT  PHYSICAL  PROPERTIES  OF  POTENTIAL  REACTOR  COOLANTS 
TABU  54.  BEND  DUCTILITY  OF  TITANIUM  AFTER  EXPOSURE  TO  LIQUID  AND  VAPOR  CESIUM^) 


-  Alloy 

Treatment 

_ 8tn0Viw».gft.f _ 

_ Dry _ Cs _ 

Stress  to  Yield 
1000  Hr  at  86  F 
Cs 

180°  Bending 
After  1000  Hr 
Exposure  86  F 

90°  Bending 
After  1000  Hr 
1200  F  Cs  Vaoor 

Tl 

As-recoivetl 

Okay 

Fractures 

Okay 

Large  cracks 

Fractured 

T1-30V 

As -forged 

Small  cracks  Fractures 

Okay 

Fractures 

Large  cracks 

TI-6A1-4 V 

MUI-WtOMl 

Okay 

Fractures 

Okay 

Small  cracks 

Fractures 

Tl-13V-llCr-3Al 

Mill-anneal 

Small  edge 

Many  small 

Okay 

Small  cracks 

Fractures 

cracks 

cracks 

TABU  55.  TENSILE  STRENGTH  OF  TITANIUM  ALLOYS  IN  LIQUID  AND  VAPOR  CESIUM  AT  392  F 
AT  VARIOUS  PULL  RATES ( 87) 


Alloy 

Environment 

Pull  Rata, 
ln./mlnv*) 

Ultimata 

Tansllo 

Strength, 

kei 

Yield 

Strength, 

kal 

Elongation, 

percent 

Ti 

Dry 

0.5. 

74.0 

63.0 

20.0 

Tl 

Cs 

0.6 

70.0 

60.0 

21.8 

Tl 

Ca 

0.6 

71.0 

69.6 

20.4 

Tl 

Cs  vapor 

0.6 

60.0 

44.0 

13.1 

Tl 

Ca  vapor 

0.6 

48.0 

37.0 

10.8 

Tl 

Ca 

0.1 

68.8 

58.0 

30.3 

Tl 

Ca 

0.01 

68.0 

53.0 

28.8 

Tl 

Ca 

0.01 

89.0 

63.0 

29.5 

TI-6AI-4V 

Dry 

0.6 

161.0 

162.0 

12.4 

11-6A1-4V 

Ca 

0.6 

181U3 

142.0 

11.2 

TI-6A1-4V 

Ca 

0.6 

162.0 

143.0 

11.8 

TI-6A1-4,’ 

Ca  vapor 

0.6 

126.0 

112.0 

7.5 

T1-6A1-4  V 

Ca  vapor 

0.6 

128.0 

110.0 

7.7 

T1-6A1-4V 

Ca 

0.1 

148.3 

138.0 

10.2 

TI-6A1-4V 

Ca 

0.01 

187.0 

141^3 

12.9 

TI-6A  -4V 

Cs 

0U31 

147.0 

138.0 

12.8 
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Galium 

Titanium  is  disintegrated  by  gallium^®®*®9) 
at  840  F,  but  is  reported! 90)  have  good  re¬ 
sistance  at  750  F. 

Lead 

T itanium^ 1 *91)  has  poor  resistance  to  lead 
at  1500  and  1830  F. 


The  impurity  levels  in  lithium  may  also 
affect  the  rate  of  attack  of  titanium.  For 
instance,  the  solubility  of  titanium  increases  with 
both  nitrogen  concentration  and  temperature  as 
shown  in  Figure  7.(94)  Although  oxygen  was  not 
found  to  alter  the  corrosion  resistance  of  titanium 
to  lithium,  transfer  between  lithiisr.  and  titanium 
does  occur.  The  equilibrium  concentration  in 
titanium  appears  to  be  between  700  and  900  ppm 
02  after  100  hours  at  1500  F.l94) 


UtfrUvffi 

Titanium,  molybdenum,  tantalum,  zirconium, 
vanadium,  and  beryllium  were  found  to  be  quite 
resistant  to  attack  by  lithium.!84*92'  (In  early 
work,  some  of  tne  above  were  thought  to  have  poor 
resistance  because  of  dissimilar  metal  transfer 
from  iron  capsules.)  Titanium  shows  no  attack 
at  1500  F  (see  Table  56)  .(92)  At  1830  F  only  fair 
resistance  is  reported  for  titanium. (93)  Figure  6 
compares  the  static  and  dynamic  corrosion  resistance 
of  several  materials.  However,  the  texts  of 
references  84  and  92  indicate  that  titanium  was 
not  tested  in  the  flowing  systems.  Pure  iron, 
ferritic  chromium  stainless  steel,  columblum, 
tantalum,  and  molybdenum  appear  to  have  superior 
resistance  to  lithium.'93) 


Magnesium 

I  Q*,\ 

Early  work'  '  has  indicated  that  titanium 
has  good  resistance  to  magnesium  up  to  1380  F  and 
limited  resistance  at  1560  F.  However,  the  Ti-Mg 
phase  diagram  indicates  appreciable  solubility 
in  liquid  magnesium. 

Maayiy, 

Titanium,  in  itself,  is  not  very  resistant 
to  mercury,  except  at  low  temperatures. (96, 97)(«) 
Because  of  its  light  weight  and  high  strength, 

(a)  Some  room- temperature  corrosion  data  for 
titanium  in  mercury  and  some  mercury  alloys 
are  given  in  the  Low-Temperature  Alloys 
section  of  this  memorandum. 


(Cu,Ag,Au,Pt) 
Nickel 

Low- alloy  steels 

Ferritic  (Fe-Cr) 
Stainless  steel 

*Be,CokCr,Re,Y 

Cobalt -Base  Alloys* 
(Stellites) 

Nickel- Bose  Alloy 
(Inconel) 

H 

tassier* 

Cb.Mo.yZr.Ti.lb.W 


Temperature,  F 

<00  600  800  OOP  goo  moo  moo  000 


I  I  M  U  ITT 


*Not  tested  in  dynamic  systems 

tpftme  MV  Dynamic  systems] ' 

t  sets 


Flow  rate  «K)fpm 
Tlsmp  9raden»,~200  F 
Pipe  site  ~Q7  in.  10 
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TABLE  56.  RESULTS  OF  LITHIUM  CORROSION  TESTS  ON  METALS  IN  TWO-COMPONENT  STATIC  TEST  SYSTEMS*' 92) 


Metal 

f  c 

Time, 

hours 

Surface  Area 
Volume  of 
Lithium. 
in.2/ih.* 

Weight 
Change , 

mg/in,2 

Metallographic  Observations 

Beryllium 

1500 

816 

100 

10 

+1.7 

2  mils  of  intergranular  attack 

Beryllium 
Copper'  *5 

1832 

1000 

100 

10 

+  1  *6 

3  mils  of  intergranular  attack 

1500 

816 

ICO 

13 

Portions  of  35-mil  tube  wall 
completely  dissolved 

Iron(a) 

1500 

816 

100 

13 

0 

No  attack 

Iron 

1500 

816 

400 

7 

-2.0 

Up  to  2C  mils  of  very  faint 
intergranular  penetration 

Iron 

1832 

1000 

400 

7 

-1.9 

No  attack 

Molybdenum 

1500 

816 

100 

13 

0 

No  attack 

Nickel(a) 

1500 

816 

100 

13 

— — 

Portions  of  35-mil  tube  wall 
completely  dissolved 

Tantalum 

1500 

816 

100 

13 

■>•7 .6 

No  attack 

Yitanium(a) 

1500 

816 

100 

13 

+2.5 

No  attack 

Vanadium 

1500 

816 

100 

13 

+8.4 

No  attack 

Zirconium 

1500 

816 

100 

13 

0 

No  attack 

(a)  Duplicate  tests. 


7TC) 


FIGURE  7.  SOLUBILITY  OF  TITANIUM  IN  LITHIUM(94) 


considerable  research  has  been  done  on  Improving 
the  corrosion  resistance  of  titanium  to  mercury, 
especially  at  elevated  temperatures. 

Commercially  available  titanium  and  its 
alloys  are  corroded  at  about  1  mil  per  month  in 
mercury  at  700  F.(96)  a  thin  adherent  black  film 
was  present  on  most  surfaces.  Little  attack  oc¬ 
curred  in  the  vapor.  Based  on  static-test  data, 
it  seems  unlikely  that  any  of  the  present  titanium 
alloys  would  be  satisfactory  by  themselves.! 96) 
Tables  57  and  58  give  corrosion  data  for  various 
alloys  in  mercury  at  temperatures  of  700  through 
1000  F. 

Eaultelt  &mi=Saiiflilari  Baskina 

A  1962  reference/ 96)  reported  that  the  T1- 
13V-llCr-3Al  beta  alloy  suffered  unusually  t ivere 
cracking  attack  in  both  the  liquid  and  vapor  phase 
of  mercury  at  700  F.  Alto,  embrittlement  of 
titanium  serap  and  alloys  TI-75A  and  TI-6AI-4V 
has  been  observed  when  titanium  was  deformed 
while  immersed  in  mercury/ 98)  getting  of  un¬ 
stressed  titanium  by  mercury  requires  a  tempera¬ 
ture  of  750  F  in  vacuum,  while  reexposure  to  air 
causes  dewetting.(98)  These  reports  Indicate  that 
stress-corrosion  cracking  of  titanium  and  its 
alloys  can  occur  in  mercury.  Consequently,  addi¬ 
tional  studies  in  this  area  are  recommended  before 
committing  titanium  or  its  alloys  to  use  In 
contact  with  mercury. 

Surface  Protection 

Corrosion  of  titanium  by  mercury  can  be 
reduced  by  protection  of  the  titanium  surface. 
Nitrlded  titanium  alloys  (see  Table  59) ,(97) 
TI-2.5A1-16V  and  Tl-7Al-12Zr  suffered  no  attack 
after  14  days  in  mercury  at  1000  F  or  41  days  at 
850  F.( 96.97)  At  1000  F  some  selective  attack 


.  jeH'sSisfc 
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TABLE  57.  RESULTS  OF  MERCURV  OORROSION  TESTS  ON  TITANIUM  AND  TITANIUM  ALLOYS  AT  700  F  (STATIC  SYSTEM) f  77 ) 


Material 

Test 

Environment 

Test 
Period , 
hours 

Weight  Change, (a) 
mg/ cm2 

Remarks 

Commercially  Pure  Titanium 

Liquid  Hg 

163 

720 

-26.22 

-79.7 

Slightly  pitied 

Pitting  attack  to  depth 
of  2  mils 

Hg  vapor 

720 

Nil 

No  attack 

Crystal  Bar  Titanium 

Liquid  Hg 

336 

-14.2 

Uniformly  corroded 

Ti-4Al-4Mn  (alpha-beta  type) 

Hg  vapor 

720 

+  0.02 

No  attack 

Liquid  Hg 

720 

-  7.22 

Scattered  attack  all 
over 

Ti-8Mn  (alpha-beta  type) 

Hg  vapor 

720 

+  0.04 

One  crack 

Liquid  Hg 

720 

-  9.48 

Scattered  attack  all 
over 

Ti-7A]-4Mn  (alpha-beta  type) 

Hg  vapor 

720 

Nil 

No  attack 

Liquid  Hg 

720 

-16.12 

Attack  in  several 
scattered  areas 

T1-3A1-2.5V  (alpha-beta  type) 

Hg  vapor 

720 

+  0.05 

No  attack 

T1-2.5A1-16’/  (alpha-beta  type) 

Liquid  Hg 

720 

+10.06 

Uniformly  corroded 

Liquid  Hg 

336 

-  0.45 

Slightly  cracked 

Ti-6A1-4V  (alpha-beta  type) 

Hg  vapor 

720 

Nil 

Cne  crack 

Liquid  Hg 

720 

-  2.94 

One  crack;  attack  in 
several  scattered  areas 

Ti-3Al-5Cr  (alpha-beta  type) 

Hg  vapor 

336 

Nil 

No  attack 

Ti-5Al-2.5Sn  (alpha  type) 

Liquid  Hg 

336 

-  0.95 

Very  lightly  attacked 

Hg  vapor 

720 

Nil 

One  crack 

Ti-8Al-2Cb-lTa  (alpha  type) 

Liquid  Hg 

720 

-  5.54 

One  crack;  shallow  pits 

Hg  vapor 

720 

+  0.03 

Four  cracks 

Liquid  Hg 

720 

-  9.4! 

Uniformly  corroded 

Ti-8Al-8Zr-l(Cb  +  Ta)  (alpha  type) 

Hg  vapor 

336 

+  0.01 

One  small  crack 

Tl-7Al~12Zr  (alpha  type) 

Liquid  Hg 

336 

-  4.48 

Many  cracks 

Hg  vapor 

336 

-  0.01 

No  attack 

Ti-5Al-5Sn-5Zr  (alpha  type) 

Liquid  Hg 

336 

-  3.83 

One  long  crack;  solution 
type  attack 

Liquid  Hg 

336 

+  1.11 

Cracked  and  pitted 

Ti-8Al-lMo-  IV  (alpha  type) 

Liquid  Hg 

336 

+  0.57 

Slightly  cracked 

Ti-13V-llCr-3Al  (beta  type) 

Hg  vapor 

720 

Nil 

Severely  cracked 

Liquid  Hg 

720 

-  8.10 

Severely  cracked 

(a)  "+"  refers  to  weight  gain  end  *-*  refer*  to  weight  loss. 


TABLE  58.  OORROSION  TESTS  RESULTS  ON  T ITANIUM  AND  TITANIUM  ALLOYS  IN  LIQUID  MERCURY  AT  850  AND  1000  F 
(STATIC  SYSTEM)' 97} 


Material 

hours 

850  F 

1000  F 

Remark* 

Commercially  Pure  Titanium 

720 

-26.46 

Uneven  attack 

336 

— 

-49.14 

Uniformly  corroded 

T1-2.5A1-16V  (alpha-beta  type) 

720 

-  5.57 

— 

Slightly  pitted 

Ti-3Al-5Cr  (alpha-bata  type) 

336 

-21.47 

Thin  layer  of  corrosion  product; 
uniformly  attacked 

720 

-38.20 

— 

Uniformly  corroded 

Tl-7Al-12Zx  (alpha  type) 

336 

-53.90 

Black  corrosion  product.  Irregu¬ 
larly  distributed 

720 

-  6.80 

— 

Shallow  pita 

Tl-8Mn  (alpha-beta  type) 

336 

—  . 

-77.56 

Uneven,  severely  corroded 

720 

-40.80 

- 

Uniformly  attacked 

336 

** 

-61.35 

Severe,  uneven  surface  attack 

■&&&  ^  ip*** 
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TABU  159.  HEIGHT  CHANGE,  rag/cm2,  OF  TITANIUM  AMD  TITANIUM 
ALLOYS  AFTER  14  DAYS'  EXPOSURE  IN  MERCURY  AT 
538  C  (STATIC  SYSTEM) (97) 


Materials 

As-Polished 
(Liquid  Only) 

Nitrided _ 

Liquid  Vapor 

Commercially  pure 

-49.14 

+0.78 

-0.51 

tltenlun 

Commercially  pure 

— 

+0. 12(«) 

(30  days) 

titanium 

T1-2.5A1-16V 

-21.47 

+0.11 

+1.12 

Ti-3Al-5Cr 

-55.90 

+0.08 

+0.64 

Ti-7Al-12Zr 

-77.56 

+0.07 

+2.82 

Tl-8Mn 

-61.35 

-0.13 

+0.40 

OtTHaJ^xITSd^t^So^ir^o^rTourirunde^vIcuuinr 


occurred  on  corners.!?6)  The  nitrides  on  T1-7A1- 
l2Zr  ana  Ti-3Al-5Cr  are  susceptible  to  ^Itack  in 
the  vapor  phase.  The  nitrided  layer  on  unalloyed 
titanium  cracks  although  little  weight  loss  occurs. 
The  manganese  in  Ti-8Mn  may  obstruct  the  N,  dif¬ 
fusion  into  the  metal.  However ,  a  very  adherent 
film  is  formed. 


In  thermal  loops,  single  metal  additives  to 
mercury  proved  less  effective  than  was  Indicated 
in  the  above  work.  Thus,  in  a  thermal  loop  at 
860  F,  with  or  without  added  zirconium,  the  hot 
leg  specimens  of  titanium  were  dissolved.!102) 
Also,  in  a  loop  with  a  nickel  additive,  mass 
transfer  pf  nickel  to  the  titanium  hot  leg  sample 
occurred.!  10°) 

Based  on  the  above  data,  the  applicability 
of  titanium  for  mercury  service  is  limited. 
Additional  data  should  be  obtained  before  any 
such  use  is  planned. 

Potassium.  Sodium,  and  MaK  Alloys 

Titanium  appears  to  offer  good  resistance 
to  sodium,  potassium,  and  NaK  alloys  up  to  10C0  to 
1100  F.  Above  1100  F,  the  corrosion  rate  is 
significant  and  titanium  is  limited  to  short-time 
use.  Both  nickel  and  18-8  stainless  steels  appear 
to  have  better  resistance  in  these  media  than 
titanium.!?2) 


An  attempt  to  carburize  titanium  alloys  for 
resistance  to  mercury  was  unsuccesful.  The 
surface  became  brittle  and  cracked,  possibly 
because  of  hydrogen  absorption.!??)  A  sulfuric 
anodized  film  of  thickness  5  to  11  microinches 
protected  titanium  at  700  F,  but  dissolved  at 
850  F.!9?) 

Metal  Additives 

The  addition  of  metal  additives  to  mercury 
tends  to  decrease  its  attack  of  titanium.  Effective 
additives  are  zirconium,  nickel,  aluminum,  copper, 
iron,  magnesium,  or  cadmium. (97,??, 100, 10 1,102) 

The  addition  of  bismuth  or  zinc  increases  the 
attack  on  titanium.  Beryllium  has  no  effect.!??) 

At  700  F,  additions  to  mercury  reduce  the  weight 
loss  of  commercially  pure  titanium  from  26.2  mg/ 
cm2  (7  days)  to  1.43  for  magnesium,  1.37  for  iron, 
1.09  for  copper,  and  0.56  for  zirconium,  all  after 
14  days.!101)  The  effect  of  metal  additives  on 
the  solubility  of  titanium  in  mercury  at  700  F  is 
shown  in  Table  60. 


TABLE  60.  SOLUBILITY  OF  TITANIUM  AND  METALLIC 

ADDITIVES  IN  LIQUID  MERCURY  AT  700  F(?7) 


Materials 

Tatted 

Equilibrium  Solubility  of  Metallic 
_ Elements  in  Liquid  Ho.  anm _ 

Tl  Cu 

Fa 

Zr 

Be 

11 

13.20  — 

„ 

„ 

Ti  +  CU 

6.70  214 

— 

— 

Tl  +  Fa 

7.22  -- 

0.56 

— 

Ti  +  Zr 

8.50  — 

— 

241 

— 

Tl  ♦  Be 

13.50  — 

smew 

0.06 

As  shown  in  Table  61,  separate  additions  of 
tlrconUsa,  aluminum,  end  nickel  reduce  the  attack 
of  mercury  on  titanium  at  1000  F.  However,  binary 
combinations  of  these  additives  in  mercury  tend 
to  accelerate  the  attack  of  titanium  at  1000  F. 


The  effect  of  cavitation  on  the  corrosion 
resistance  of  unalloyed  titanium  (Grade  Ti  100A) 
in  sodium  up, to  1000  F  is  a  function  of  time  and 
temperature.1  104)  Tests  were  performed  using  a 
magnetostrictive  oscillator  in  sodium  containing 
total  O2,  N2,  and  H20  of  <5  ppm.  The  cavitation 
damage  was  found  to  occur  in  four  steps,  listed 
below,  and  is  illustrated  in  Figure  8. 

( 1)  Incubation 

(2)  Accumulation 

(3)  Attenuation 

(4)  Steady  State. 

The  steady-state  cavitation  damage  was  then  shown 
to  vary  with  temperature  as  in  Figure  9. 

In  addition,  amplitude  of  the  oscillation 
was  found  to  affect  the  rate  of  weight  loss,  as 
shown  in  Figure  10.  The  steady-state  weight  loss 
varies  as  the  square  of  the  displacement  ampli¬ 
tude,  as  also  shown  in  water  systems.  The  in¬ 
tensity  of  cavitation  damage  in  sodium  at  400  F 
is  about  one  and  one-half  times  that  in  water 
at  8C  F  for  a  given  amplitude  and  frequency. 

5»m  uhLSUyw  CMBovntiy 

At  high  temperature,  silver,  silver  chloride, 
and  silver  braze  have  been  shewn  to  have  a  definite 
detrimental  effect  on  tltanlus  alloys,  and  appear 
to  cause  a  form  of  atrcas-corrosion  cracking. 

A  silver  brass  coating  (Dynsbrsx*  *’B", 
consisting  nominally  of  94.8Ag-5Al-0.aLin)  on 
titanium  alloy*  Tl-SAl-lMo-lV  and  T1-6A1-4V 
caused  rapid  surface  deterioration,  lots  of 
adhesion  between  brace  and  natal,  and  » tress- 
corrosion  cracking  after  exposure  in  air  at 
660  F.U05)  of  the  failed  titanium  specimens, 
only  slight  differences  in  failure  time  were  noted 
between  brazed  specimens  rith  or  without  salt  end 
In  the  no  toited  or  umwtched  condition.  For  the 
TI-6AJ-4V  alloy,  notched  specimens  war*  stressed 
to  45  or  5B  kal  and  utaiotcittd  specimens  to  23  to 
37  kal.  Failure  times  ranged  from  5800  to  15,000 


TABLE  61.  INTERACTION  OF  CRYSTAL  BAR  TITANIUM  AND  ADDITIVES  EXPOSED  TO  LIQUID 
MERCURY  AT  1000  F  (STATIC  SYSTEM)  (102) 


Exoosure  to  Liauid  Mercurv  Plus 


Weight  Change  Spectroc'nemical  Analysis  c 

in  14  Days, (a)  Exposed  Surfaces! b) 

Ni  Zr  Mg  A1 


No  additives 

-16.51 

-17.60 

-18.69 

Ni  (750  ppm) 

+  4.04 
+  3.92 

Ni  (750  ppm) 

-•-Mg  (50  ppm) 

-34.10 

-31.20 

Ni  (750  ppm) 

+  A1  (50  ppm) 

-28.56 

-29.87 

A1  (750  ppm) 

+  0.26 
+  0.32 

Ni  (750  ppm) 

-  0.15 

-  0.94 

-  0.92 

Zr  (750  ppm) 

+  A1  (50  ppm) 

-  0.89 

-  1.56 

Zr  (750  ppm) 

+  Mg  (50  ppm) 

-  2.08 

a)  "t"  refers  to  weight  again,  refers  to  weight  loss. 

(b)  VS  -  very  strong,  above  10  percent;  S  -  strong,  10  to  1  percent; 

M  -  moderate,  1  to  0.1  percent;  W  -  weak,  0.1  to  0.01  percent;  T  -  trace 
0.01  to  0.001  percent. 


Materia) 

Titanium  100  A 

Liquid 

Sodium  at  400  F 

_ 

Amp1 

460  /i  (1.7  mite) 

0  O 

Freqt  / 
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•s^  o  Specimen 
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l 

o 

1 

l  1  1 

!  I  i  1 
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FIGURE  8.  CAVITATION  DAMAGE,  EFFECT  OF  TIME  ON  RATI  OF  WIGHT 
LOSS  OF  100  A  TITAN IUM(104) 
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FIGURE  9.  STEADY-STATE  CAVITATION  DAMAGE,  EFFECT  OF  LIQUID-METAL 
TEMPERATURE  ON  RATE  OF  WEIGHT  L0SSU04) 


Frequency  ISO  Ice 
Liquid  Sodium  at  400  17 


t  4  •  •  0 

Double  Amplitude,  cm  *  10* 


FIGURE  10.  EFFECT  OF  DISPlACMUtT  AMPLITUDE  ON  THE  RATE  OF  WIGHT  LOSS 


fmt  , 


37 


hours.  For  the  Ti-8Al-lMo-lV  alloy,  notched- 
specimen  stress  was  56  to  67  ksi  and  unnotched- 
specimen  stress  was  23  to  31  ksi.  Failures  occurred 
after  9000  to  18,500  hours. 

An  investigation  of  failure  of  a  titanium- 
alloy  engine-compressor  wheel  operated  at  high 
temperature  showed  the  role  of  silver  and  silver 
chloride  in  stress-corrosion  cracking  of  titanium 
alloys. ( 106)  Previous  compressor  tests  below  700  F 
showed  no  failures.  Tensile  specimens  of  T1-7A1- 
4Mo  and  Ti-5Al-2.5Sn,  uncoated  and  coated  with 
silver  chloride,  silver  plate,  vacuum  deposited  sil¬ 
ver,  and/or  F50  hydraulic  oil  and  salt  were  used. 

The  results  are  shown  in  Table  62.  Both  silver  and 


TABLE  62.  RESULTS  OF  STRESS-0DRR0SI0N  STUDIES  Of  TITANIUM  ALLOYS 
KITH  SILVER  AND  SILVER  CHLORIDE  ( 106) 


Tempera¬ 

ture, 

F 

Stress, 

ksi 

Coating 

Failure 

Tina, 

hours 

800 

100 

T1-7A1-4HO 

Bare 

40-396 

800 

100 

NaCl 

1.4  to  2.6  , 

800 

50,  , 

NaCl 

NFl«)  260lb) 

800 

50 

NaCl 

NF(a)  2601 b) 

800 

25 

NaCl 

NF  260 

800 

100 

AgCl 

0,  0.06 

600 

110 

Bare 

NF  110(d) 

600 

110 

AgCl 

NF  110' 6) 

875 

70 

#«> 

146,  182 

875 

70 

NF  112 

875 

70 

Ag  plate 

Ag  plate  +  F50'*> 

18.9 

875 

70 

20 

875 

70 

Ag  plate  7  NaCl 

4.8 

875 

70 

Ag  plated  and  then  stripped  120 

875 

70 

Ag  (vaeuuai  deposit)  8,  9 

875 

70 

Ag  plated  bolt 

■  33 

875 

70 

(NaCl  coated  and  »aah«d) 

Ag  plated  bolt  fra*  41 

875 

70 

service 

Ag  plated  bolt 

26 

900 

48 

-  n-Mi-a.«n 

•aye 

NF  100 

900 

48 

AgCl 

0.03,  0.06 

800 

58 

Bare 

NF  100 

BOO 

5* 

AgCl 

> 

Bare 

0.9 

700 

64 

NF  100 

700 

64 

AgCl 

19.5 

500 

71 

•are 

IV  100 

500 

71 

AgCl 

145 

•75 

875 

90 

90 

»•> 

175,  447 

394,  69(9 

875 

50 

Ag  plate 

0.4,  0.6 

875 

90 

Ag  plate  ♦  FSOls) 

0.3,  1.9 

•75 

90 

Ban 

» 

1*4,  304 

875 

50 

NaCl 

96,  40 

*75 

90 

**! 

vacuum  deposit 

!  “ 

875 

90 

Ag  1 

vacuum  deposit 

I  ♦  NaCl  1.3 

*75 

90 

As  j 

vacuum  deposit, 

1  156,  341 

875 

50 

Am! 

vacuum  dcpoclt; 

1  *  NaCl  1.5 

•75 

90 

•1  i 

vacuua  depot  It 

)  310 

875 

90 

Nl  1 

[vacuum  deposit 

I  *  NaCl  33 

•75 

90 

Ag  plated  belt 

117 

(•)  V  Mans  no  failure, 
lb)  •evecely  cracked. 

(«)  Nolchod  Specimen. 

td)  fcwmpwnvw  properties  after  taati  yUU  190  ta  153  kal, 
II  10- lo  u  percent. 

(a)  Hydraulic  ell. 


silver  chloride  caused  stress-corrosion  failure  of 
the  alloys  at  700  F  and  higher.  No  reduction  of 
room-temperature  properties  was  found  after  short¬ 
term  exposures  of  Ti-7Al-4Mo  at  600  F.  As  8  result 
of  this  work,  the  use  of  silver  plating  on  these 
parts  was  discontinued.  Instead,  organic  bonded 
dry  film  lubricants  or  graphite  greases  were 
adopted  in  place  of  silver  thread  lubricants  and 
molybdenum  disulfide  was  selected  over  silver 
antifretting  agents. 

Before  other  silver  compounds  are  applied 
to  titanium,  a  complete  evaluation  of  the  effects 
of  stress  and  temperature  on  the  stress-corrosion 
cracking  by  silver  is  recommended. 

lin 

Titanium  showed  excellent  resi stance, (i) 
to  tin  at  930  F. 

Low-Temcerature  Alloys 

t 

In  a  survey  of  the  corrosion  properties  of 
metals  exposed  to  liquid  metals  at  room  tempera¬ 
ture,  none  of  the  liquid  metals  tested  were  found 
to  be  detrimental  to  unalloyed  titanium  A-70.(i°7) 
Exposure  was  carried  out  at  77  to  91  F  with  a 
relative  humidity  of  80  percent.  Prior  to  exposure 
to  the  liquid  metal,  an  ethanol-HCl  etchant  and 
several  fluoride  etchants  were  applied  to  the 
titaniumi 

( 1)  HgF2  +  2M  HF 

(2)  1M  HF 

(3)  NaF  +  2M  H2SO4 

(4)  Ethanol  -  HF 

(5)  2MHC1  -  0.2M  NaF. 

No  evidence  of  oxidation,  cracking,  or  loss  of 
coherence  was  observed  for  the  liquid  metals  shown 
in  Table  63.(107) 


TABU  63.  LIQUID  METALS  EXPOSED  TO  T1  A70  AT  MOCK  THPSRATUM 
WITHOUT  OXIDATION  CRACKING  CR  LOSS  OF  GOHIMNatUCn) 


Hg 

Ga 

9Wg-23a  saturated  In 

Hg  saturated  Ag 

Ga  saturated  Ag 

9Wg  30a  saturated  T1 

Hg  saturated  As 

0*  saturated  Cu 

Mg  saturated  Au 

0*  saturated  HI 

99Hg-90t  aaturatad  In 

Hg  saturated  Be 

Ga  saturated  Fb 

99Hg-90a  setureted  Tt 

Hg  saturated  Ou 

Ga  saturated  T1 

Hg  saturated  In 

99Hg-5Tl  aaturatad  In 

Hg  saturated  Ng 

BSGa-lBIn 

Hg  saturated  in 

BOGe-XIn 

73Ng-I7Iw-10Ti 

Kg  saturated  Fd 

Hg  saturated  Ft 

65Ge-351n 

51Hg-41In-*Tl 

Hg  saturated  Ah 

99Ga-9*n 

•0Hg-l«Tl-2Fb 

Hg  saturated  Nu 

MOa-ato 

70Ga-lUn-13Bn 

99Hg-9Qe 

99Ga-5Zn 

9QHg-10Qi 

KAIV^MPmil 

79Hg-350e 

TQHgOOQa 

9*g-51n 

900a- 10O< 

9Wg-3*l 

9QHg-tOIn 

*CHg-20In 

9Wg-3F5 

TOHgOOIn 

9Wg»3B* 

95Hg-5Tl 

90Hg-iOTl 

98Hg-2Zn 

BOHg-aOTS 

TONgOOTt 

99Hg-tOd 
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APPENDIX  A 


THERMODYNAMIC  CONSIDERATIONS  FOR  REACTIONS 
OF  T1-6A1-4V  KITH  NITROGEN  TETROXIDE 

J.  J.  Hard* 


A  limited  study  was  undertaken  by  EMIC  to 
collect  and  examine  thermochemical  data  concerning 
the  possible  reactions  that  might  be  expected  to 
occur  between  the  T1-6A1-4V  alloy  and  the  available 
grades  of  N2O4. 

To  this  end,  the  standard  heat  of  formation, 
AH°£,  and  standard  free  energy  of  formation,  AG°f, 
of  a  number  of  compounds  of  interest  were  collected 
or  estimated  for  temperatures  from  0  to  400  K  (-459 
to  260  F).  These  are  given  in  Table  A-l.  The 
compounds  in  this  table  were  selected  on  the 
basis  of  liquid  N2O4  and  its  nominal  impurities 
( see  Table  52)  and  the  postulated  reaction  products 
of  these  with  titanium,  aluminum,  and  vanadium. 

The  values  of  AH°£  of  the  compounds  in 
Table  A-l  were  used  to  calculate  the  standard 
heat  of  reaction  and  standard  free  energy  of  re¬ 
action  that  could  possibly  cause  failure  of  ti¬ 
tanium  in  N2O4.  Eighty-five  reactions  were 
postulated  and  grouped  as  follows: 

(a)  Changes  of  state  or  reactions  between 
N2O4,  NO,  NO2,  ^2*  H2O 

(b)  Reactions  of  elemental  Ti,  Al,  and  V 
with  N^>4 

(c)  Reactions  of  elemental  Tl,  Al,  and  V 
with  N2O4  impurities 

(d)  Reactions  of  TiO,  Ti02,  and  TIN  with 
N^04  and  impurities  in  «2°4* 

Five  other  reactions  (Group  E)  were  also  postu¬ 
lated  in  considering  the  possibility  of  chloride 
removal  from  NWO4  through  the  use  of  sliver  addi¬ 
tions.  Thece  90  reactions  and  thermochemical 
data  for  tham  at  77  and  260  F  are  given  in  Table 
A-2. 

The  reactions  shown  in  Table  A- 2  with  a 
negative  sign  for  AG°r  can  occur  if  the  reactants 
and  products  are  in  their  standard  stataa. 

The  standard  state  for  gasat  la  taken  at 
one  atmov  here  for  the  Ideal. gat.  In  the  cate 
of  solids,  the  standard  state  is  a  crystalline 
bulk  state.  Liquids  are  considered  at  one 
atmosphere  pressure.  An  example  of  solid-state 
reaction  Is  61,  Tablo  A-2,  asi 

Ti(c)  ♦  TIOjU)  *■*  2TiO(e). 

If  TIOgU)  or  110(c)  are  protective  films,  a  free- 
energy  value  would  be  required  for  the  change  from 
a  bulk  state  to  a  film  as 

2110(c)  2T10  (film) 

and 

TIOgU)  «-*  TlOg  (film). 

*  Fallow,  Materials  Thermodynamics  Division, 
flattelle  Memorial  Institute,  Columbus',  Ohio. 


The  free  energy  of  the  foregoing  reactions  was 
not  taken  into  account  because  of  3  lack  of  data 
on  surface  effects.  For  similar  reasons,  the 
free  energy  of  solutions  of  N0(g)  in  N2C4(l)  and 
other  solution  effects  were  not  calculated. 

The  equilibrium  constant,  Kr,  of  reaction 
can  be  calculated  from  the  values  of  AF«r  by 
the  equation: 

A G°r  -  -RT  U>  Kr  . 

Nith  the  equilibrium  constant,  Kr,  the 
equilibrium  extent  of  reaction  can  be  calculated 
under  conditions  of  activity  and  concentration 
that  are  different  from  the  standard  state. 

The  effect  of  pressure  on  a  reaction  can  be 
evaluated  from  the  relationship, 

AV  . 

3  P 

In  general,  if  the  number  of  gaseous  moles  of 
reactant  is  greater  than  the  number  of  gaseous 
moles  of  product,  the  extent  of  reaction  is  greater 
with  an  increase  In  pressure  at  equilibrium. 

It  should  be  emphasized  that  the  value  of 
the  standard  free  energy  of  formation  Is  only  an 
indication  of  the  possibility  of  a  reaction.  The 
&Fcr  value  gives  no  Information  on  reaction  rate 
nor  time  requirement  for  the  initiation  of  a 
reaction.  The  time  dependency  belongs  to  the  study 
'of  reaction  kinetics  and  mechanism. 

Comments  on  the  negative  results  suggested 
by  the  78  postulated  Groups  B,  C,  and  D  reactions 
have  previously  been  summarized  in  the  body  cf 
this  memorandum. 

So  far  as  the  Group  A  reactions  are  con¬ 
cerned,  Reactions  2  and  3  indicate  that  HjG 
additions  to  KgO*  to  form  HNO3  and  NO  (with  or 
without  NC-)  are  not  favored  In  the  absence  0 i 
oxygen.  In  the  presence  of  oxygen  (Reaction  5), 
HND3  formation  from  HgO  and  N2O4  is  favored. 
Coe^letion  of  this  reaction  would  also  be  pro¬ 
moted  with  increasing  pressure.  This  suggests 
than  any  beneficial  effects  ascribed  to  NjG 
additions  may  arise  only  where  some  free  oxygen  Is 
present. 

Reaction  6  supports  the  incompatibility  of 
mixtures  of  oxygen  and  NO. 

The  Group  E  reactions  were  considered  since 
there  is  some  question  as  to  whether  or  not  the 
chloride  might  be  contributing  to  the  stress- 
corrosion  problem.  If  this  concern  persists,  then 
the  use  of  e  sliver  film  or  ion  might  be  con¬ 
sidered  to  remove  the  chloride  es  NOCl  by  precipi¬ 
tation  to  AgCi  es  shown  In  Reactions  17  end  99. 
This  sssumes  that  AgCi  is  at  Insoluble  in  Nape 
as  It  Is  In  water,  which  la  likely. 
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TABLE  ApI.  THERMOCHEMICAL  DATA<0>  FOR  COMPOUNDS  OF  INTEREST  IN  THE 

COMPATIBILITY  STUDY  OF  NITROGEN  TETROXIDE  IN  TITANIUM  METAL 


Standard  Heat  of  Formation,  AHf,  kcal/gmol, 
at  Indicated  Temperatures,  Kelvin 

Standard  Free  Energy  of  Formation,  AG;,  kcal/gmol, 
at  Indicated  Temperatures,  Kelvin 

No. 

Compound 

0 

100 

200 

298 

300 

400 

0 

100 

200 

298 

300 

400 

1 

TiO(c) 

•123.186 

•123.572 

•123.844 

•123.900 

•123.900 

-123.838 

•123.186 

•121.488 

-119.200 

•116.892 

•116.848 

•114.505 

2 

Ti 

•380.923 

•362.039 

•362.782 

•362.900 

•362.898 

•362.611 

•360.923 

•355.711 

•348.978 

■342.224 

•342.096 

•335.194 

3 

T'°2(c) 

•224.347 

•225.012 

•225.417 

•225.500 

•225.500 

•225.391 

-224.347 

•220.919 

•216.635 

•212.283 

•212.201 

•207.780 

4 

TiN(c) 

•79.625 

-80.025 

•80.367 

-80.500 

•80.501 

-80.491 

•79.625 

•78.028 

■75.897 

■73.637 

•73.595 

-71.292 

5 

TiClj(c) 

- 

- 

- 

-12X500 

■123.494 

•123.184 

- 

- 

- 

•1)2.970 

•112.904 

•109.422 

6 

TiClj(g) 

•72.193 

-72.245 

•72.275 

•72.300 

-72.301 

•72.349 

-72.193 

-73.004 

-73.749 

-74.464 

-74.478 

-75.197 

7 

TiCI4(c,f) 

■195.803(c) 

•196.146(c) 

•195.667(c) 

•192.300?) 

•192.277?) 

•191.073(f) 

•195.803(c) 

•189.122(c) 

•182.259(c) 

•176.319?) 

•176.219?) 

-171.051?) 

8 

*Ti(N03)2(c) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•127.0 

- 

- 

9 

•TitXNOjijfc) 

- 

- 

- 

- 

- 

- 

- 

- 

•190.0 

- 

- 

10 

AICI3(C) 

-168.299 

•166.978 

•168.912 

-168.580 

•168.573 

-168.160 

•168.299 

•162.784 

•156.592 

•150.6)6 

-150.505 

-144.543 

11 

AI203(c) 

-397.494 

•398.697 

•399.838 

•400.400 

•400.406 

•400.555 

•397.494 

•392.241 

•385.329 

•378.078 

•377.940 

•370.418 

12 

VO(c) 

- 

- 

- 

•98.000 

- 

•97.800 

- 

- 

- 

•91.400 

- 

•89.100 

13 

VjOjlc) 

- 

- 

- 

•296.000 

- 

•295.600 

- 

- 

- 

-276.970 

- 

-268.150 

14 

VCI2(c) 

- 

- 

- 

(-117.000) 

- 

(-116.550) 

- 

- 

- 

(-105.900) 

- 

(•102.100) 

15 

VN 

- 

- 

- 

(•40.800) 

- 

(-40.750) 

- 

- 

- 

•34.550 

- 

•32.400 

16 

AIN 

- 

- 

- 

•76.000 

•76.004 

•76.149 

- 

- 

- 

•68.595 

-68.549 

-66.038 

17 

N204(g) 

+4.473 

+3.319 

+2.563 

+2.170 

+2.165 

+2.035 

+  4.473 

+9.721 

+  16.446 

+23.355 

+23.486 

+30.619 

18 

NjOaff) 

(-4.488) 

(-6.599) 

(-5.789) 

•4.676 

-4.652 

(-3.142) 

(-4.488) 

(+3.775) 

(+13.863) 

+23.282 

+23.455 

(+32.607) 

19 

NjOjic) 

-7.263 

-8.60  i 

-8.833 

(-8.373) 

(-8.358) 

(-7.141) 

•7.263 

+  2.174 

+  13.095 

(+23.785) 

(+23.984) 

(+3A600) 

20 

N0(g) 

+21.456 

+21.256 

+  21.558 

+  21.580 

+  21.580 

+21.590 

+  21.546 

+  21.256 

+20.984 

+  20.697 

+  20.692 

+20.394 

21 

NjOlg) 

+20.430 

+  20.084 

+  19.786 

+  19.610 

+  19.608 

+  19.530 

+  20.430 

+  21.573 

+23.185 

+  24.696 

+  24.928 

+26.716 

22 

N02(g) 

+8.586 

+8.326 

+8.099 

+7.910 

+7.907 

+  7.770 

+8.586 

+9.545 

+  10.853 

+  12.247 

+  12.247 

+  13.751 

23 

N03(g) 

+  18.529 

+  17.912 

+  17.375 

+  17.000 

+  16.995 

+16.815 

+  18.529 

+20.985 

+24.272 

+27.745 

+27.811 

+  31.449 

24 

- 

- 

+3.036 

+2.700 

+  2.697 

+  2.710 

- 

- 

+  19.848 

+28.186 

+28.343 

+36.898 

25 

HR03(f' 

- 

•41.349 

• 

- 

- 

- 

- 

•19.030 

- 

26 

N203(g) 

- 

- 

- 

+  19.800 

+  19.787 

+  19.691 

- 

- 

- 

+33.324 

+33.408 

+37.965 

27 

HNOj(g) 

•29.755 

-30.749 

•31.527 

•32.100 

•32.109 

•32.472 

•29.755 

■28.696 

•22.332 

•17.690 

•17.601 

•12.704 

28 

NOCI(g) 

- 

- 

- 

+  12.620 

+  12.619 

+  12.602 

- 

- 

- 

+  16.049 

+  16.070 

+  17.224 

29 

N02CI(g) 

- 

- 

- 

+6.310 

+6.307 

+6.185 

- 

- 

- 

+  16.300 

+  16.361 

+  19.734 

X) 

H20(f) 

- 

- 

- 

-68.320 

- 

- 

- 

- 

- 

•56.720 

- 

- 

31 

H20(g) 

•57  '.03 

•57.433 

•57.579 

•57.798 

•57.803 

•58.042 

•57.103 

•56.559 

■55.635 

-54.636 

•54.617 

•53.519 

32 

HCI(g) 

•22.019 

•22.063 

•22.029 

•22.063 

•22.064 

•22.129 

•22.019 

•22.289 

■22.535 

•22.778 

•22.782 

•23.012 

33 

NHj(g) 

•9.362 

•10.052 

•10.508 

•11.040 

•11.050 

•11.572 

•9.362 

•8.205 

•6.195 

•3.966 

•3.923 

•1.467 

34 

NH4CI(C) 

- 

- 

- 

•75.380 

•75.380 

•75.222 

- 

- 

- 

46.743 

•48.578 

•39.660 

35 

AgCI 

- 

- 

- 

•30.362 

- 

- 

- 

- 

- 

•26.224 

- 

- 

36 

AgNOj 

- 

- 

- 

•29.430 

- 

- 

- 

- 

- 

•7.690 

- 

- 

37 

Ag^ 

* 

- 

•7,306 

* 

* 

- 

“ 

•2.586 

- 

- 

*  Estimated  valtiss. 


(a)  Numerical  valuer  carried  t  yond  tire  significant  place  lor  computational  consistency.  The  following  references  wars  used  as  sources  (or  the  data  contained  in  this  table: 
Stull,  D.  R.  et  al,  JkNAF  Thermochamical  Tables.  PB  168370,  Clearinghouse,  U.S.  Department  of  Commerce,  Springfield,  Va..  12251  (1965). 

Elliott,  John  F„  and  Gleiser,  Molly,  Thermochemistry  lot  Steelmaking.  Vol.  I,  Addition- Wesley  Publishing  Company,  lnc„  Reading,  Massachusetts  (I960). 

Latimer,  Wendell  «!.,  Oaidaticn  Potentials,  2d  Edition,  Prentice  Hall,  Inc.,  Near  Yoih  (1952). 


A-3 

TABLE  A-2.  thermochemical  data  for  postulated  reactions  of  interest  in  the  compatability  study  of 

NITROGEN  TETROXIDE  AND  THE  Tl.4Ai.4V  ALLOV<a<b> 


Standard  Heat  of  Reaction,  Standard  Free  Energy  of  Reaction, 

AHr,  kcal  AGr,  kcal 


Number 

Reaction 

298  K  (77  F) 

400  K (260  F) 

298  K  (77  F) 

400  K  (260  F) 

Group  A.  Changes  of  State  or  Reactions  Between  N^,  NO,  NO;,  02,  and  H20 

1* 

N204(g)**N204(f) 

-6.846 

•5.177 

•0.073 

aL988 

25 

3N204  (f )  a  2H20(£)**  4HNOj  (f )  +  2NO  (g) 

+28.432 

- 

+8.868 

35 

2N204  (2)  +  H20  (2)  as*  2HN0j  (2)  +  NO  (g)  +  NOj  (g) 

a24.374 

- 

a5.G40 

- 

45 

N204  (P)  +  J402  (g)  ^  N^s  (g) 

+7.376 

a5.852 

a4.904 

a4.29 

5* 

N204 (2)  a  402(g)  a  (2)  **  2HNOj (2) 

-9.702 

- 

•4.622 

6  * 

N0(g)  +  S$02(g)«?*>ftN204(2) 

-23.198 

•23.161 

•9.056 

-4.091 

7* 

2N02(g)^N204(2) 

•20,946 

■18.682 

•1.212 

a5.105 

Group  B.  Reactions  of  Elemental  Ti,  At,  and  V  with  N204 

85 

Ti  (c)  a  )*N204  (2)  «*  Ti02  (c)  a  UN2  (g) 

•223.162 

■223.870 

■223.924 

•224.084 

9 

Ti  (c)  +  44N204  (g)  Ti02  (c)  +  HN2  (g) 

•226.585 

-226.409 

•221961 

•223.090 

10  § 

Ti(c)  +  i4N204(2)ap*  TiO(c)  +  «N2(g) 

•122.731 

-123.05? 

•121713 

•121657 

11 

Ti  (c)  a  K  N204  (g)  w*  TiO  (c)  +  <4  N2  (g) 

•124.443 

-124.347 

-122.731 

-122.160 

12  § 

Ti(c)a»N204(f)**TiN(c)  -02(g) 

-78.162 

•78.920 

-85.278 

-87.596 

135 

Ti(c)  +  )5N204(g)aE*TiN(c)  +  02(g) 

-81.585 

-81.509 

-85.315 

-86.602 

14 

2Ti  (c)  4  !5N204  (2)  ** TiN  (c)  a  TiO; (c) 

-303.662 

-304.361 

-297.561 

•295.376 

155 

2Ti  It)  a  44N204(2)  «*Ti203(c)  +  KN2(g) 

-359.393 

■360.254 

•359.686 

•359.649 

16 

2Ti  (c)  a  «N204(g)  ap*Ti203(c)  a  UNjfg) 

-364.528 

-364.137 

-359.740 

-358.158 

17 

Ti  (c)  +  ^N^4(g)aE*Ti02(c)  +  15N2(g) 

-226.580 

-226.409 

-223.958 

•223.089 

18$ 

2AI  (C)  +  *N204  (2)  re*  Al203  (C)  +  MN2  (g) 

-396.893 

-398.198 

•395.540 

•394.873 

19 

2AI  (C)  a  H  N204  (g)  «S*  AI203(C)  a  UN;  (g) 

-402.028 

-402.081 

-395.594 

-393.382 

20$ 

2  V  (c)  +  XN204  (2)  *"*VZ03  (c)  +  P2  (g) 

•/91493 

-293.243 

•294.431 

•292.605 

21 

2  V  (c)  a  XN204  (g)  a?*  V203  (c)  a  «N2  (g) 

■297.628 

-297.126 

-294.486 

-291.114 

22* 

V(c)  +  14N204{2)ap*VN(e)  +  2  02(g) 

-38.462 

•39.229 

-46.191 

•48.703 

23$ 

Al  (c)  +  H  N204  (g)  »*  AIN  (c)  a  202  (g) 

•77.085 

-77.167 

•80.272 

-8L348 

24 

7/a  V  (c)  +  '4N204  (2)  ae*  a/aVN  <c)  a  V203  (c) 

-353.693 

•354.368 

-346.257 

-341.205 

25 

7/aAI  (c)  a  *N204  (2)  ^*  3/a  AIN  (c)  a  Al203  (c) 

•510.893 

-512.242 

-498.432 

-493.930 

Group  C.  Reactions  of  Elemental  Ti,  Al,  and  V  with  N204  Impurities 

26 

Ti  (C)  +  2N;0  (g)  re*  Ti02  (C)  +  2N2  (g) 

-264.720 

•264.451 

■262.075 

-26L212 

27 

Ti(c)  +  P20(g)«*TiN(c)  +  !402(g) 

•90.305 

-90.256 

•86.085 

•84.650 

28 

Ti(c)  +N20(g)«*Ti0(c)  +  N2(g> 

•143.510 

-143.368 

•141.788 

-141.221 

29* 

Ti  (c)  a  NO  (g>  w*TiO(c)  +  HN2(g) 

•145.480 

•145.428 

■137.589 

-134.899 

30* 

TI  (c)  +  2NO  (g)  e*Ti02(C)  +  N2(g) 

-268.660 

-268.57. 

•253.677 

•248.568 

31* 

Ti(c)+  N0(g)**TiN(C)  +  H02(g) 

•102.080 

-102.081 

•94.334 

•91.686 

32* 

Ti(C)al4N02(g)ap*TiO(C)*l4N2(g) 

•127.855 

•127.723 

•123.016 

•12L380 

33* 

TI  (C)  a  N02  (g)  w*TiOj(c)  ^N2(g) 

-233.410 

•233.161 

•224.530 

■Z2i.nl 

34 

Ti  (c)  a  NOj  (g)  w*TiN  (c)  a  02(g) 

•88.410 

•88.261 

•85.884 

•85.043 

35 

Ti  (c)  +  NOCI  (|)  R*  TiCI;  +  2NO  (g) 

•105.580 

•105.208 

-103.674 

•103.082 

36* 

s/aTi  (0  a  NOCl(g)  ap*  ViTICI  (c)  +  TIN  (c)  a  TiO  (e) 

•278.770 

•278.523 

•263.063 

•257.732 

37* 

s/a  V  (c)  a  NOCI  (|)  **  ISVCIjic)  a  VN  (c)  a  VO  (c) 

■209.920 

■209.427 

•193.949 

•189.774 

38* 

s/s  Al  (c)  +  NOCI  (g)  w*  1/3  Al  ci3  (c)  a  AIN  (c)  a  1/3  Al203  (c) 

•278.090 

■278.133 

•260.699 

•254.744 

39* 

TI  (c)  a  a/3N03(g)  «*Ti02(c)  a  i/3N2(g) 

•236.822 

•236.591 

•230.761 

•228.625 

40 

TI  (e)  +  i/s  N205  (g)  **TiO(c)  +  i/sN2  <g) 

•124.400 

•124.380 

•122.529 

•12L885 

41* 

TI  (c)  +  «Nj04(2)  a  H02(g)  **Ti02(c)  a  UNj(g) 

•224.330 

•274,605 

•218.103 

•215.932 

42* 

Ti(S)  a  «N204(gl  *  402fg)  **TI02(e)  a  liN2(g) 

•226.040 

•225.900 

■218.122 

•2 15.435 

43* 

TI  (c)  a 14  N204  ft)  a  NO (g)  w*Ti02 (c)  a  \  N2(g) 

•245.910 

•246.195 

-238.800 

■236.326 

44* 

Ti  (c)  a  KN;04 (g)  a  NO  (g)  **TI02 (C)  a  UN;  (g) 

•247.620 

•247.490 

•238.819 

-235.829 

45$ 

'  Ti  (c)  a  Hn'jO, (2)  a  H20(2)  W* Ti02 (C)  +  i4N2 (g)  a  H2 (g) 

•155.980 

- 

•161.383 

* 

46$ 

Ti  (c)  a  !4N204  (g)  a  H20  (2)  **  Ti02  <C)  a  H  P2  (g)  a  H2  (g) 

•157,720 

“ 

•161.402 

47 

2TI  (c)  a  14 N^  (2)  a  140;  (g)  w*  Ti203  (e)  a  I4N2  (g) 

-360.560 

•360,090 

•353,865 

•351.498 

A-4 

TABLE  A-2.  (Cmutlnumd) 


Number 

Reaction 

Standard  Heat  ol  Reaction, 

AHR,  teal 

298  K  (77  F)  400  K  (2S0  F) 

Standard  Free  Energy  of  Reaction, 
AGj>,  teal 

298  K  (77  F)  400  K  (260  F) 

48* 

2Ti(C)  +  HNjO^(g)  +  Si02(g)  **TigOj(C)  +  liNjIg) 

-363.985 

•363.630 

•353.892 

•350.504 

49 

2Ti  (cl  ♦  HN204  (2)  +  NO  (g)  **  TijOj  (c)  +  N2  (g) 

•382.140 

-381.680 

•374.562 

•371.892 

50* 

2Ti  (C)  4  N204  (g)  +  NO  (g)  **  TijOj  (C)  +  N2  (g) 

•385.565 

•385.220 

•374,589 

•370,898 

51* 

2Ti  (c)  +  UN2C4(f)  +  H ^(f)  e^Ti^jfc)  +  #N2(g)  + 

H2(g) 

•292.240 

- 

•217.145 

_ 

52* 

2Ti  (c)  +  )jN204  (g)  +  H20 (f)  e^TijOj  (c)  4  (4N2 (g)  + 

«2(g) 

-295.655 

- 

•297,172 

53* 

Ti  (c)  +  vaN jOgtT)  +  HO2  <g)  **  TiO  (c)  4  i/aN2  (g) 

•123.315 

•123.445 

•119.802 

-118.581 

54* 

Ti (c) e  i/aN204(g)  +  «02 (g)  **TiO<c)  +  i/aN2(g) 

•124.170 

•124.092 

•119.811 

■118.332 

55* 

Ti  (c)  4  i/a  Nj04  (2)  +  14  NO  (g)  **  TiO  (c)  4  3/1 N2  (g) 

•134.105 

•134.240 

•130.151 

-128.778 

56* 

Ti  (c)  +  i/aN^fg)  +  HNO(g)  **TiO(c)  4  a/aN2(g) 

•135.500 

•134.890 

•130.160 

•128.529 

57* 

Ti  (c>  4  t/eN^ff)  4  UHjO (2)  TiO (C)  4  i/»N2 (g)  4 

MH2(g) 

-89.155 

- 

•91.442 

- 

58* 

Ti  (C)  4  1/1 N^  (g)  4  (2)  <■*  TiO  (c)  4  1/1 N2  (g)  4 

(5H2(g) 

•90.550 

- 

•91.451 

- 

59* 

Ti  (C)  4»204(I)4  3N0 (g)  T4" TiO (NOj)2 (c)  4  s/aNj (g) 

- 

- 

•275.373 

- 

SO 

Ti  (c)  4N204(2)  4  i/j02  (g)  ar*TiO  (N03)2  (c) 

- 

- 

-213.282 

- 

61 

Group  D.  Reactions  o(  TiO,  and  Ti02,  and  TiN  with  N204  and  Impurities  in  N^ 

TiO,  (c)  4  Ti  (c)  <**2TiO  fc)  -22.300  -22.285 

•21.501 

-21.230 

62* 

TiO(c)  +  )402(g)«*TiO2(c) 

-101.600 

•101.553 

•95.391 

-93.275 

63 

TiN(C)  +  )i02<g)**Ti0(C)4P2 

-43.400 

■43.347 

•43.255 

-43.213 

64* 

TiO  (c)  4  NjO,  (2)  a?*  Ti02  (c)  4  2NO  (g) 

-53.764 

•55.231 

•77.241 

-85.094 

65* 

TiO  (c)  4  NO  (g)  Ti02  (c)  4  UN2  (g) 

•123.180 

-123.143 

•113.780 

•113.669 

66 

TiO  (c)  4  N02  (g)  e*  Ti02  (c)  4  NO  (g) 

•87.930 

-87.733 

-86.941 

-86.632 

67# 

Ti02  (c)  4  s/jN204(2)  ^ATiOlNOjJjJc)  4  NO(g) 

- 

- 

48.057 

- 

68* 

Ti02  (C)  r  3N02  (g)  TiO  (N03)2  (c)  +  NO  (g) 

- 

- 

46.239 

- 

69* 

Ti02(c)  4  5NO (g)  «*Ti0(N03)2(c)  4  3/jN2(g) 

- 

- 

-81.202 

- 

70  * 

TiN  (c)  4  N204  (2)  O*  TiO  (c)  4  3NO  (g) 

425.778 

424.565 

-4.446 

-2.425 

71* 

TiO  (c)  4  N204(2)  4  02(g)  <r*Ti0(N03)2  (c) 

- 

■  - 

-96.390 

- 

72* 

TiO  (c)  4  N204  (2)  4  2N0  (g)  **  TiO  (N03)2  (c)  4  N2  (g) 

- 

- 

•137.784 

73* 

Ti02  (e)  4  N204  (2)  4  H02  TiO  (N03)2  (0 

- 

- 

-0.999 

- 

74* 

TiOj  (C)  4  N204  (2)  4  NO  (g)  «*TiO  (N03)2  (c)  4  HNj  (g) 

- 

- 

•21.696 

- 

75 

TiOj  (c)  4  4NOCI  (g)  **  TiCI4  (c)  4  2N02(I)  4  2NO  (g) 

-41.700 

442.360 

437.656 

434.123 

76* 

TiOj  (c)  4  4NOCI  (g)  e-*TiCI4  (c)  4  2N203(g) 

422.320 

423.292 

438.416 

441.763 

77* 

Ti02(c)  4  4NOCI  (g)  **TiCI4(C)  4  j/aNjO^f)  4  HNj(g) 

■24.294 

■20.803 

46.691 

fl4.744 

78* 

Ti02  (c)  4  4NOCI  (g)  eH*  TiCI4  (c)  4  2N2  (g)  4  302  (g) 

•17.2B0 

•16.090 

•28.232 

-34.167 

79* 

TiO  (c)  4  4NOCI  (g)  e*  TiCI4  (0  4  3NO  (g)  4  NOj  (g) 

■46.320 

45.103 

49.285 

-50.509 

80* 

TiO  (c)  4  4NOCI  (g)  e*  TiCI4  (c)  4  2N2  (g)  4  i/iO,  (g) 

-118.800 

■117.643 

•123.623 

•125.442 

81 

TiO  (c)  4  2NOCI  (g)  TiCU  (c)  4  NO,  (g)  4  NO  (g) 

44.650 

-4.810 

44.768 

-4.780 

82 

TiN  (c)  4  4NOCI  (g)  **TiCI4  (c)  4  3NO  (g)  4  NjO  (g) 

•77.930 

-76.690 

•79.891 

•80.757 

83* 

TIN  (c)  4  5NOCI  (g)  4  2H20  (2)  **TiCI4  (c)  4  NH4CI  (C)  4 

3NO(g)  4  N204<2) 

•53.573 

- 

•32.857 

- 

84 

TiOj  (c)  4  2HN03  (2)  <H»TiO  (N03)2  (C)  4  HjO  (2) 

- 

- 

43.621 

- 

85 

TiO  (C)  -  2HN03  (2)W*Ti  (N03)2  (c)  +  HjO  (2) 

- 

* 

•28.768 

- 

86 

Group  E,  Reactions  lot  Possible  Cl 

NOCI  (g)  4  Ag  (c)  wAApCI  (C)  4  NO  (g) 

Removal  by  Silver  Additions 

•21.402 

•21.576 

87* 

N204  (2)  4  Ag  (c)  rp^AgNOj-IC)  4  NO  (g) 

•3.174 

■  - 

•10.275 

- 

88* 

HN204  (2)  +  2  Ag  (c)«*Ag20(c)4  NO!g) 

4-16.612 

46.470 

89* 

AgNOj  (c)  4  NOCI  (g)  ep*  AgCI  (c)  4  N204  (2) 

•18.228 

- 

■11.301 

- 

90 

2AgCI  (c)  4  Ti  (c)  ^  TiCIj  (C)  4  2Ag  (c) 

•62.776 

tttWJWWum 

•60.522 

. . . 

(a)  The  following  notations  ire  used  in  this  tibia: 

(g)  designates  gas  phase 

ic)  designates  condensed  or solid  phase 

(f)  designates  liquid  phase 

*  designates  reactions  favored  for  completion  by  increasing  pressure 
|  designates  reactions  repressed  by  increasing  pressure, 

(b)  Numerical  values  carried  beyond  the  significant  place  lor  computational  consistency, 
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